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Abstract

Historically, organic amendments—organic wastes—have been the main source 
of plant nutrients, especially N. Their use allows better management of often-finite 
resources to counter changes in soils that result from essential practices for crop pro-
duction. Organic amendments provide macro- and micronutrients, including carbon 
for the restoration of soil physical and chemical properties. Challenges from the use 
of organic amendments arise from the presence of heavy metals and the inability to 
control the transformations required to convert the organic forms of N and P into the 
minerals available to crops, and particularly to minimize the losses of these nutrients 
in forms that may present a threat to human health. Animal manure and sewage bio-
solids, the organic amendments in greatest abundance, contain components that can 
be hazardous to human health, other animals and plants. Pathogens pose an imme-
diate threat. Antibiotics, other pharmaceuticals and naturally produced hormones 
may pose a threat if they increase the number of zoonotic disease organisms that are 
resistant to multiple antimicrobial drugs or interfere with reproductive processes. Some 
approaches aimed at limiting N losses (e.g. covered liquid or slurry storage, rapid incor-
poration into the soil, timing applications to minimize delay before plant uptake) also 
tend to favor survival of pathogens. Risks to human health, through the food chain and 
drinking water, from the pathogens, antibiotics and hormonal substances that may be 
present in organic amendments can be reduced by treatment before land application, 
such as in the case of sewage biosolids. Other sources, such as livestock and poultry 
manures, are largely managed by ensuring that they are applied at the rate, time and 
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place most appropriate to the crops and soils. A more holistic approach to manage-
ment is required as intensification of agriculture increases.

ABBREVIATIONS

B boron
C carbon
CO2 carbon dioxide
Cd cadmium
CEC cation exchange capacity
Cr chromium
CFU colony forming units
Cu copper
CH4 methane
C:N carbon to nitrogen ratio
ED50 effective concentration in the soil to achieve 50% kill of the target organism
Hb hemoglobin
HCO3

− bicarbonate ion
H2S hydrogen sulfide
K potassium
MetHb methemoglobin
Mg magnesium
Mo molybdenum
N nitrogen
NH3 ammonia
NH4

+ ammonium
NO nitric oxide
NO3

− nitrate
NO2

− nitrite
NO2 nitrogen dioxide
N2O nitrous oxide
OH− hydroxyl ion
P phosphorus
Pb lead
PFU plaque forming units
PMB paper-mill biosolids
SO2 sulfur dioxide
Zn zinc

1.   INTRODUCTION

 Chinese records dating back more than 2000 years report the use of 
organic manures in agriculture (Beaton, 2009). The Greeks applied human 
sewage to fields and recognized, as did the Romans, that animal and plant 
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residues could be applied for the benefit of crop growth, the amounts 
required varying according to plant and soil type (Beaton, 2009). In late 
medieval times, it was understood that the use of animal manure was to 
replace materials removed by the cultivation of crops (Wild, 1988). The 
“first factory for the manufacturing of synthetic manure,” actually super 
phosphate, began business in 1842 (Allison, 1944; Dyke, 1993). Although 
guano—accumulations of the droppings of seabirds or the dung of bats— 
and some sodium nitrate mined in South America were commercially avail-
able as sources of N, at that time the main source of plant nutrients applied 
to crops in Europe and North America was farmyard manure ( Beaton, 
2009). This continued to be the position until the dramatic increase in 
availability of N fertilizers that began in the early 1950s. However, organic 
amendments continued to be the only form in which nutrients were 
added to soils in resource-poor regions (Thomas et al., 2006) and animal 
producers worldwide still spread manure and land application is an impor-
tant means of disposal for sewage biosolids (Kelessidis and Stasinakis, 2012).

Although the primary reason for applying organic materials to 
 agricultural land may be to recycle plant nutrients back to the soil, the 
return of organic matter also has importance. The decline in soil organic 
matter associated with the long-term cultivation of land (Jenkinson, 1991) 
reduces soil productivity because of deterioration in physical and chemical 
properties (Rovira, 1995). With the importance of carbon sequestration in 
soil as one means of combating climate change, there is good reason to take 
a holistic view of the use of organic sources of nutrients and consider their 
importance in sustainable food production. Here we review the benefits 
associated with the application to the land of organic materials, particu-
larly animal manure and sewage biosolids, in support of the plant growth 
together with the possible threats and risks to human health that can result 
from their use (Table 5.1). We have chosen to focus on the threats to health 
from the direct use of amendments leading to contamination of air, water 
and food crops rather than the broader  consequences associated with altered 
ecosystems impacting food availability (Camargo and Alonso, 2006).

2.   TYPES OF ORGANIC AMENDMENTS APPLIED  
TO SOILS

 While there is a very large number of organic amendments applied 
to soil in support of crop production, they essentially fall into six major 
categories.
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2.1.   Animal Manure
Farmyard manure is a combination of feces, urine and animal bedding that 
is stacked and turned to undergo some level of composting. If the piles are 
not turned and new material from the barn is added regularly, solid or semi-
solid manure results. In the 1950s, efforts to reduce labor costs and improve 
hygiene in dairy barns resulted in bedding-free stalls and the removal of 
manure to a holding tank together with wash water. The liquid or slurry 
collected can then be applied to the land. Liquid manure systems have since 
been developed for other livestock and poultry. Beef and dairy operations 
create the greatest amount of manure, followed by pork units. Poultry pro-
duction systems (broilers for meat and layers for eggs) make a much smaller 
contribution to total manure production than cattle or pig.

The majority of world manure production is land applied. For example, 
of the manure collected from confined animals 84% is spread on crop-
land and 16% on grassland (Beusen et al., 2008). It is estimated that on  
a worldwide basis domestic animals excrete about 112 Tg N per year. 

Table 5.1 Benefits and concerns related to the use of organic amendments for plant 
production
Benefit Concerns

Source of essential  macronutrients 
for plant growth

Imbalance of nutrients applied to soil; 
the possibility of losses of P and N 
 compounds in runoff to surface water 
and  leaching to ground water resources; 
release of  greenhouse gases and 
 contributions to acid rain

Provision of micronutrients Buildup of heavy metals in soil
Enhancement of soil carbon levels Release of antibiotics and endocrine- 

disrupting compounds into the 
 environment

Increased soil microbial activity Release of zoonotic pathogens into the 
environment

Improved soil aggregation
Reduced soil bulk density and 

 compactibility
Improved soil permeability Increased risk of the preferential flow  

of contaminants to water resources
Greater root exploration of soil
Improved water-holding capacity
More resilience against erosive 

forces of wind and water
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Approximately 42% of this comes from confined animals, 44% from animals 
grazing in the field with 14% being excreted outside the agricultural system 
or contributes to other uses, such as heating fuel or animal feed (Beusen 
et al., 2008).

Manure is subject to change from the time that urine and feces are 
excreted and mixed, through periods of temporary storage in the barn and 
for the whole time they are in longer-term storage prior to application to 
land. As the enzyme “urease” is both widespread and somewhat resilient, 
mineralization of urea from the urine begins very rapidly after excretion 
even if it is not mixed with feces. The essential products are NH4

+, HCO3
− 

and OH−. The latter two ions increase the pH, which changes the balance 
between NH4

+ and NH3 in solution, leading to the release of NH3 into the 
atmosphere. Although the same processes occur with poultry excreta, which 
are a combination of materials from the digestive tract and the kidneys, 
there is less loss of NH3 to the atmosphere because the material is much 
drier, unless water is added.

When liquid or slurry manure gets put into longer-term storage, the 
settling of materials can result in the formation of a number of layers, the 
properties of which vary considerably in space and time (Patni and Jui, 
1987). Aerobic decomposition of manure organic matter results in CO2 and 
organic carbon compounds that are more resistant to breakdown.  However, 
one consequence of stratification is that anaerobic conditions develop 
within the stored manure. When free oxygen is not present, organic matter 
is converted to C compounds of small molecular weight, mainly volatile 
organic acids, and CH4 gas is released. In addition, the breakdown of pro-
teins can lead to the formation of H2S. The formation of volatile fatty acids, 
a readily available carbon source for microorganisms, leads to a reduction in 
pH of the manure.

If solid manure is turned frequently and not tightly packed, the break-
down of organic matter takes place under aerobic conditions. The rate of 
the process is faster under aerobic than anaerobic conditions and more C is 
lost as CO2. In part, this is because aerobic breakdown releases more energy, 
which in turn supports about 5.5 times more microbial biomass per unit of 
organic substrate consumed than anaerobic fermentation.

2.2.   Municipal Biosolids and Septage
The sludge from municipal wastewater treatment operations is commonly 
applied to agricultural land but this is usually subject to regulatory  control. 
After general screening and grit removal, suspended organic material is 
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separated out by sedimentation (Primary Treatment) and the microbes 
present digest the easily metabolized fraction (Secondary Treatment). Some 
treatment plants remove N and P in solution (Tertiary Treatment). The 
final treatment stage is to stabilize the material, using heating and drying, 
alkaline stabilization to increase the pH, aerobic or anaerobic digestion 
together with heating, or composting. The stabilization process is intended 
to reduce or eliminate pathogens and make the material less attractive to 
scavengers after land application, which is either as a liquid, or as a cake fol-
lowing dewatering. These materials are commonly referred to as municipal 
or sewage biosolids. The projected production of sewage biosolids in 2010 
for the USA and the original 15 countries of the European Union is about  
16 Tg dry matter per year (Epstein, 2003). Although not all European 
countries use sewage sludge in agriculture, over the period 1996–1998 
France applied 60% of its production to agricultural land and comparable 
values for Spain and the UK are 46%, Germany 40% and Italy 16%. Typi-
cally, between 50 and 70% of sewage biosolids produced are land applied 
(Epstein, 2003). For a comparison of the current treatments and approaches 
to the disposal of sewage biosolids in Europe, the reader is referred to 
Kelessidis and Stasinakis (2012).

In many rural areas, where piped water and sewage systems are not 
available, on-site wastewater treatment systems, such as septic systems, 
have temporary holding tanks that need to be pumped out, periodically. 
Although many jurisdictions require the resulting septage to be handled 
through wastewater treatment plants, some still allow untreated material to 
be applied directly to land.

2.3.   Green Manure and Crop Residues
In addition to the manure from animal production systems, by-products of 
other agricultural activities including residues from the harvest have been 
spread on land with or without prior treatment. Examples are straw from 
grain production and stubbles that are plowed in after harvest. Total dry 
matter production of cereal crops worldwide is about 5000 Mt, of which 
about 2600 Mt is straw (Wirsenius et al., 2010), which may be incorporated 
in the soil, used as animal feedstuff or as bedding material for housed ani-
mals. Increased urbanization has provided other waste streams that contain 
plant nutrients, such as garden waste.

Green manure results from the incorporation into soil of any field or 
forage crop, while green or soon after flowering, for the purpose of improv-
ing soil chemical and physical fertility. An important feature is the transport 



Michael J. Goss et al.282

of bases from lower layers of the soil into the topsoil. A summer green 
manure crop occupies the land for a portion of the growing season (usually 
after the main crop is harvested). Warm-season cover crops can be used to 
fill a niche in crop rotations, to protect fragile soils, prepare land for a peren-
nial crop or provide some additional animal feed. Legumes such as cow-
peas (Vigna unguiculata (L.) Walp.), soybeans (Glycine max (L.) Merr.), annual 
sweet clover (Melilotus indicus (L.) All.), Sesbania spp. Scop., guar (Cyamopsis 
tetragonoloba (L.) Taub.), Crotalaria spp. L., or velvet bean (Mucuna pruriens (L.) 
DC.) may be grown as summer green manure crops to add N along with 
organic matter. Non-legumes such as millet (Panicum miliaceum L.), forage 
sorghum (Sorghum bicolor (L.) Moench), annual ryegrass (Lolium multiflorum  
Lam.), brassicas (Brassica spp. L.) or buckwheat (Fagopyrum esculentum 
Moench) are grown to provide biomass, smother weeds, and improve soil 
tilth. Some benefit can accrue from the growing crop, particularly from the 
root system, but in green manuring, the sought-after impacts result from 
incorporation of the shoots.

In tropical systems, farmers use a wide array of crops as green manure 
to replenish nutrients. Palm et al. (2001) have established a database of 
research results (published and unpublished) on the species used as green 
manure, mostly from the east and southern Africa. Over half of the entries 
were members of the Fabaceae with the second most abundant group being 
 species within the Asteraceae.

2.4.   Food Residues and Waste
Unsold or unsalable fresh produce from supermarkets are other sources of 
material from urban centers that have been applied to agricultural land, 
frequently after composting. A survey in the U.S. showed that in 1995 more 
than 43 Mt edible foodstuffs were lost at the retailer, foodservice and con-
sumer end of the supply chain. Some 6.6 Mt of grain products were lost 
prior to consumption as were 7.2 Mt of vegetables—corresponding to 32% 
and 25% respectively of the total supplied (Kantor et al., 1997).

2.5.   Waste from Manufacturing Processes
Residual organic material from pressing oil seeds, hoof and horn meal, fish 
offal, dried blood, animal hair, feathers and shoddy (waste material from 
preparing wool) have all been applied in this way (Russell, 1946). Large 
amounts of biosolids are produced annually as the residues from papermak-
ing (paper-mill biosolids—PMB) but only a small fraction of this material 
is land-applied (Thacker, 2007). Other residues, such as those resulting after 
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sugar extraction from sugar beet (Beta vulgaris L.), oil from olives (Olea 
 europaea L.), as well as distillery waste have also been spread on cropped land 
or investigated for their ability to support crop production (Douglas et al., 
2003; Hachicha et al., 2012; Kumar et al., 2009).

2.6.   Compost
Composting is one of the commonest treatments to stabilize the N in 
wastes and improve their handling characteristics, particularly by reducing 
the volume of organic materials that are to be land-applied. For example, 
during the composting of solid manure to form farmyard manure as much 
as 50% of the C may be lost. Typically, material with a large C:N ratio is 
mixed with waste that is rich in N. The product of composting is a material 
that has a much smaller C:N ratio than the original mixture. Some of the C, 
N and P in the raw materials are converted into the microbial biomass that 
contributes to the composting process.

The activity of the microbial population in the raw material encourages 
a rise in temperature at the center of a pile. Mixing helps to ensure that all 
the material is heated but it may prevent the temperature from remaining 
above 55 °C for sufficient time, while leaving the compost unturned allows 
the temperature at the surface to remain close to ambient. However, it is 
important to ensure that all the material is subject to temperatures above 
55 °C so that harmful microbes and unwanted weed seeds can be killed. 
This is a difficult requirement to meet in the absence of forced aeration  
(St. Jean, 1997). The heat generation from the composting material increases 
evaporation, which can also adversely affect microbial activity if the water 
is not replenished.

Any loss of N during composting has to be considered against the 
potential benefits. Kirchmann and Lundvall (1993) concluded that aero-
bic composting should not be used to treat amendments containing high 
levels of NH4

+–N as it resulted in too great a loss by NH3 volatilization. 
For example Ramaswamy et al. (2010) reported a 60% loss of N but only a 
2% loss of C from loose-piled poultry manure and hay (initial C:N ratio of 
25:1). Beck-Friis et al. (2000) reported significant loss of N as N2O as well 
as CH4 during the composting of household organic waste. Composting 
of N-rich raw material in the open can increase N-loss through leaching. 
Kirchmann (1985) reported losses of N from composting manure ranging 
between 2% and 10% of the NO3

−–N in the windrow, although NO3
−–N 

concentrations generally did not exceed 0.05% of dry matter. During com-
posting about 50% of the organic matter, 40% of K and 20–30% of N in 
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manure can be lost if manure is windrowed without covering (Lampkin, 
1990; Vogtmann and Besson, 1978). The net result of composting is a reduc-
tion in readily mineralizeable organic N compounds.

Composting can result in considerable reduction in the concentrations 
of some antibiotics (Dolliver et al., 2008) (see Section 4.3). However, in 
contrast to N and antibiotics, there is a tendency for Cu, Zn, K, and P 
to increase in concentration during composting (Ott and Vogtmann, 1982; 
Tejada et al., 2001).

3.   THE NUTRIENT VALUE OF ORGANIC AMENDMENTS

 By physiological maturity, crop plants need to have accumulated N 
and K to an amount ranging between 1 and 4% of their shoot dry weight. 
Phosphorus contents range from 0.2 to 0.4% of shoot dry weight. Legumi-
nous grain or forage crops tend to contain more N and P than do cereals 
(Table 5.2). Organic amendments are commonly applied to the soil to meet 
these mineral requirements. However, whether they are derived directly 
from plant material or indirectly, as in the manure from livestock, or from 

Table 5.2 Approximate amounts of macronutrients present in some agricultural crops 
at harvest, in various livestock and poultry manures, industrial and municipal biosolids, 
expressed in g kg−1 dry matter

Source

Nutrient content 
g kg−1

Nutrient 
ratio

N P K N:P:K

Maize (Zea mays L.) 13.5 1.8 14.1 7.5:1:7.8
Wheat (Triticum aestivum L.) 12.4 1.3 13.8 9.5:1:10.6
Oat (Avena sativa L.) 9.0 1.8 16.9 5.0:1:9.4
Soybean (Glycine max L. Merr.) 31.7 3.8 15.4 8.4:1:4.1
Alfalfa (Medicago sativa L.) 39.9 3.3 29.3 12.1:1:8.9
Liquid manure, dairy cattle 3.5 0.8 2.4 4.3:1:3.0
Solid manure, beef cattle 7.4 2.4 5.7 3.1:1:2.4
Liquid manure, pig 4.0 1.3 1.8 3.1:1:1.4
Solid manure, poultry (layer) 19.3 8.9 8.0 2.2:1:0.9
Primary paper-mill sludge 1.7 0.4 0.6 4.3:1:1.5
Secondary paper-mill sludge 31.3 7.3 4.5 4.3:1:0.6
Municipal wastewater effluent (liquid) 34.0 7.3 1.1 4.7:1:0.2
Municipal wastewater effluent (aerobic) 1.2 0.6 0 2.0:1:0
Municipal wastewater effluent (anaerobic) 2.8 1.4 0 2.0:1:0
Municipal wastewater effluent (cake) 37.6 13.1 1.1 2.8:1:0.08
Composted effluent cake 13.0 24.0 0.5 0.5:1:0.02



Organic Amendments and Risk to Health 285

mixed sources (e.g. sewage biosolids), organic amendments contain N, P 
and K in very different ratios to those needed by crops (Table 5.2). Both N 
and P are usually present in both organic and inorganic forms in organic 
amendments, whereas K is always as an inorganic cation. However, the pro-
portion of each element in different amendments varies widely (Table 5.3).

The main mineral form of nitrogen, the ammonium ion (NH4
+), is 

formed under both aerobic and anaerobic breakdown of N-containing 
plant and animal constituents (mineralization), while nitrate (NO3

−) only 
forms under aerobic conditions by the oxidation of NH4

+ via NO2
− (nitri-

fication). The proportion of the total N present in the ammoniacal (NH3 
and NH4

+–N) form is a key characteristic of organic amendments being 
considered to be as available as fertilizer N (Beauchamp, 1983; Beauchamp 
and Paul, 1989), or nearly so (Beauchamp, 1986; Castellanos and Pratt, 1981; 
Chantigny et al., 2004a; Flowers and Arnold, 1983; Paul and Beauchamp, 
1994), and because it can be lost as gaseous ammonia. A helpful overview 
of NH3 losses as a result of animal manure application is given in Søgaard 
et al. (2002). In contrast to inorganic N, the organic N fraction may be only 
marginally available to plants in the year of application (Beauchamp, 1986). 
There are also large differences between sources of sewage biosolids in the 
proportion of organic N that is mineralizable in laboratory tests.  Values 

Table 5.3 Distribution of N and P forms in some animal manures expressed in g kg−1 
dry matter

Manure type
Total N 
g kg−1

Mineral N

Organic-N 
g kg−1 Dry matter %

NH4
+–N 

g kg−1
NO3

−–N 
g kg−1

Cattle manure—
liquid

1.8 1.3 0.002 0.5 4.2

Cattle manure—
composted

5.9 0.07 0.25 5.6 29.9

Total P 
g kg−1

Mineral  
P* g kg−1

Organic P 
g kg−1

Cattle manure 4.1 2.9 1.2 14.0
Pig manure 13.7 12.3 1.4 25.0
Poultry (broiler) 

litter
15.8 5.6 10.2 84.0

*Mineral P consisted mainly of phosphate but polyphosphate was found in trace amounts in the poul-
try manure, some in the swine manure but cattle manure contained the greatest proportion.
(Based on data from Goss et al. (1995), Turner and Leytem (2004)).
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vary from 4 to more than 60% (Magdoff and Amadon, 1980; Parker and  
Sommers, 1983; Smith et al., 1998a). Small values are associated with aero-
bically digested materials and those stabilized by composting. Smith et al. 
(1998b) were able to categorize sewage biosolids into those that had a high 
potential to accumulate NO3

−–N, those with a low to intermediate poten-
tial, those that on applying to soil immobilized nitrogen before releasing 
NO3

−–N and those where the organic nitrogen was resistant to breakdown.
Organic forms of P are fairly complex molecules (Turner and Leytem, 

2004). Many fields that have received regular applications of manure con-
tain large amounts of P. The concentration of P in manure can vary widely 
according to the dietary intake (Barnett, 1994), in part because of the very 
different amounts of mineral P that can be provided in feed (Van Faassen 
and Van Dijk, 1987). The maximum amount of P that is present in the soil 
solution is related to the natural level of labile P and how much additional P 
has been applied in organic and inorganic forms (Raven and Hossner, 1993; 
Sharpley and Smith, 1989).

The action of soil microorganisms is required if the nutrient ele-
ments in organic molecules are to become available to crop plants. An 
important parameter that provides an index of the rate of mineralization 
of organic materials is the C to N ratio (Stevenson, 1982), with values 
of 30:1 or less allowing N to be released into the soil. For larger ratios, 
some N already present in the soil is immobilized before there is a net 
release (Scarsbrook, 1965). However, studies of the release of N from 
sewage biosolids have found temporary immobilization of soil N for 
C:N ratios of 17:1 (Tester et al., 1977) and >20:1 (Parker and  Sommers, 
1983). The release of NO3

−–N from organic amendments appears to 
be a function of thermal time, with a base value of 0 °C (Smith et al., 
1998a,b). Soil acidity can also be a factor in governing the rate of N 
transformations, with faster nitrification occurring when the soil, to 
which sewage biosolids were added, had a pH of 7.5 than at a pH of 5.3 
or 6.0 (Terry et al., 1981).

Another aspect that affects the perceived nutrient value of organic 
amendments is the heterogeneity in the distribution of nutrients that devel-
ops during storage prior to land application. For example, in solid manure, 
traces of NO3

−–N can be produced in the surface layer, where gaseous loss 
of NH4

+–N also takes place preferentially, so that there is considerable vari-
ability in mineral-N concentration with depth in the pile. This variability 
is not easily overcome, as it is difficult to mix solid manure homogeneously 
before spreading. Consequently, considerable spatial variability can result in 



Organic Amendments and Risk to Health 287

the distribution of nutrients, particularly N, applied to the land. In contrast, 
even though variability in the content of nutrients develops between strata 
in stored liquid manure, mixing before spreading is relatively easy so that the 
material applied to the land can be reasonably uniform in its fertilizer value.

The very different proportions of N and P in organic amendments rela-
tive to what is needed for plant growth generally means that if the crop 
requirements for N are met, the levels of P as well as K and Mg can be 
excessive (Cela et al., 2010; Edmeades, 2003). If P is used as the basis for the 
calculation of the load required to meet crop needs, insufficient N will be 
provided to the crop unless supplemented with mineral fertilizer.

In addition to macronutrients, organic amendments also can supply 
trace elements, such as Zn, Cu, Cd (Table 5.4) as well as Mo and B. As many 
soils, especially those in the humid tropics, are deficient in these micronu-
trients, the use of organic amendments can be important in crop production 
(Gupta et al., 2008).

Green manure crops vary considerably in terms of their nutrient con-
tent and how much becomes available to subsequent crops. The contents 

Table 5.4 Ranges of metal contents of manure

Animal 
category

Manure 
type

Copper mg kg−1 
(dry-matter 
basis)

Zinc mg kg−1 
(dry-matter 
basis)

Cadmium mg kg−1 
(dry-matter basis)

Cattle

Dairy Liquid 1.0–352 (55) <5–727 (266) <0.08–3.2 (0.31)
Beef Liquid 12–267 (49) 88–938 (277) <0.08–0.80 (0.32)
Dairy/Beef Solid 2.5–80 (35) 40–448 (181) 0.04–3.1 (0.31)

Pigs

Liquid <1–1386 (714) <5–5832 (1427) 0.06–1.3 (0.65)
Solid 134–780 (447) 206–1220 (678) 0.19–0.53 (0.34)

Sheep

Solid 13 104 ND

Hens

Layers Solid (deep 
litter)

17–486 (72) 237–789 (515) 0.09–2.04 (0.53)

Broilers Solid 8.4–173 (72) 52–473 (355) 0.11–1.16 (0.27)

Means are given in parentheses.
(Based on Benke et al. (2008), Brown (2008), Menzi and Kessler (1998), Nicholson et al. (1999), 
Unwin (1998))
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of different minerals (mainly N and P) vary with crop species, the parts 
of the plants incorporated, the growth stage at incorporation, soil fertil-
ity and physical conditions. Palm et al. (2001) compared the N contents 
of crop residues, leaf litter, stems, and roots for different crops and found 
median N values less than 2.0%, with few samples having larger concentra-
tions. In contrast, the N concentration in fresh leaves can range from 1 to 
5.5% (median value > 3.0%), with the largest values found in the Fabaceae 
and Asteraceae (median concentration of 3.5%). The P concentrations in the 
majority of crop residue, leaf litter, stems and roots are less than 0.15%, with 
few examples exceeding 0.2%. Fresh leaves may contain more than 0.15% P 
but maximum values do not exceed 0.50% (Palm et al., 2001).

The timing and rate of release of the nutrients applied in organic form 
are dependent on the nature of the materials themselves as well as the cli-
mate, soil and land management practices. There may also be a residual 
effect from previous applications of amendments, which have not been fully 
mineralized in preceding years (Schröder, 2005). This makes it difficult to 
be precise about the amount required and when it needs to be applied 
to make the availability synchronize with the needs of the plants. Conse-
quently, there is a considerably greater risk that nutrients will be lost to the 
wider environment from organic amendments than from mineral fertilizers.

4.   POTENTIAL CONTAMINANTS ASSOCIATED WITH 
ORGANIC AMENDMENTS

 Organic amendments are natural sources of C for microbes, includ-
ing those that can be pathogenic to humans. Proteinaceous compounds 
and nucleic acids are degraded to release inorganic nitrogen and sulfur 
compounds, while trace metals, such as Cu and Zn, can be released from 
the degradation of certain enzymes. Municipal wastes may contain  metals, 
together with microbes, organic and inorganic chemicals coming from 
industrial sources and runoff from roofs, roads and parking lots. Amend-
ments based on feces can also contain metals that are not adsorbed from 
food and water, antibiotics used to treat disease or as a prophylactic, together 
with sex and growth hormones.

4.1.   Pathogens
The number of pathogens released into the environment is an important 
component of a quantitative risk assessment for the use of organic soil 
amendments. Animal feces are significant as a source of enteric and other 
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organisms, such as bacteria, viruses, protozoa and helminthic worms, some 
of which can be parasitic or pathogenic in humans (Strauch, 1987). Enteric 
pathogens can infect both farm animals and humans through contaminated 
feed, water supplies and feces (Herriott et al., 1998; Shere et al., 1998). 
 Animals can also become infected from contaminated bedding, which 
when handled can also be a source of diseases for humans (Hogan et al., 
1989). Many of the organisms that are commonly found in animal manure 
are also found in sewage biosolids (Gerba and Smith, 2005). In addition 
to these organisms, there are concerns related to the manure from housed 
animals as well as sewage biosolids from water treatment plants receiving 
hospital wastes as these might be a source of prions (see Box 5.1).

Box 5.1 Prions
Prions are proteinaceous infective particles lacking nucleic acids that are abnor-
mal (misfolded) forms of membrane proteins normally found in cell surface 
membranes (Prusiner, 1998). The effect of a prion is to cause other normal proteins  
to reconform into the abnormal form (Prusiner, 1998). A disease is recognized 
when the prion exerts its effect in the brain and causes differences in animal 
behavior. Scrapie in sheep and chronic wasting disease in deer and elk have long 
been recognized as prion-mediated diseases. Bovine spongiform encephalopa-
thy (BSE) was identified in cattle in 1986. In humans, Creutzfeldt-Jakob Disease 
(CJD) is a fatal disease caused by a prion protein that attacks the brain, killing cells 
and creating gaps in the cortical tissue. Collectively, these diseases are known 
as Transmissible Spongiform Encephalopathies. In the 1996, a new TSE disease, 
variant Creutzfeldt-Jakob Disease (vCJD) was identified, linked to eating meat, 
particularly that containing nerve tissue, from cattle infected with BSE.

Prions are resistant to inactivation by UV and ionizing radiation as well as 
having considerable tolerance to heat (Prusiner, 1998). The tolerance is much 
less to dry heat than moist heat (Gale, 2007). In addition to tolerance to physical 
treatments, prions show considerable resistance to chemical treatments, includ-
ing the use of enzymes that can denature protein (Gale, 2007; Prusiner, 1998). 
The use of formaldehyde before autoclaving can enhance prion infectivity (Gale, 
2007).

Based on evidence from infection of sheep with scrapie, prion infection 
can take place vertically from mother to offspring as well as by postnatal lateral 
transfer between individuals (Dickinson et al., 1974; Ryder et al., 2004). Vertical 
transfer was originally believed to occur by prenatal infection as well by postna-
tal contact with voided placentas or fetal fluids. More recent evidence indicates 
the possibility of transfer in milk (Konold et  al., 2008), especially if ewes have 

Continued
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Some pathogens only infect one species of farm animal while others are 
found associated with all livestock but animals may not exhibit evidence of 
the presence of pathogenic strains in their system. Even if they can infect all 
major farm animals, the organisms present vary between cattle (Bos primi-
genius taurus Bojanus.), pig (Sus scrofa L.) and poultry manure (Bicudo and 
Goyal, 2003; see also Tables 5.6–5.10). Even so, as techniques for identifying 
virulent strains become ever more precise, evidence may accrue to indi-
cate that subtle differences exist such that the dominant strain associated 
with one species of farm animal is not the one that actually causes disease 
in humans. For example, Olson et al. (2004) concluded that the strain of 
 Giardia duodenalis that commonly causes diarrhea in cattle is different from 
the strain that is pathogenic in humans. The pathogens chosen for illustra-
tion in this paper are widespread, although the proportion of affected herds 

lentivirus-induced mastitis (Ligios et al., 2011). The demonstration by Tamgüney 
et al. (2009) and Terry et al. (2011) of the presence of prions in feces of diseased 
sheep and asymptomatic deer, respectively, together with presence in saliva 
(Maddison et al., 2010b) and urine (Murayama et al., 2007) suggests that inges-
tion from contaminated pasture could result in both vertical and lateral transfers. 
Oral ingestion seems to be the most important route through which infection 
occurs (van Keulen et al., 2008).

There are possibilities for animal prions to enter manure storage from housed-
infected animals, while human and animal prions could enter municipal sewage 
systems, and hence for both to be spread on agricultural land (Gale and Stan-
field, 2001). Once in contact with soil, prions rapidly adsorb onto quartz sand and 
clay particles, particularly phyllosilicates (Ma et al., 2007; Maddison et al., 2010a; 
Walter et al., 2011). When sorbed onto clay, prions do not lose their infectivity 
and if ingested are as infective as unbound agents (Johnson et al., 2007). Prions 
adsorbed onto montmorillonite shortened the incubation period for disease in 
hamsters (Johnson et al., 2007). Once bound to phyllosilicates and quartz, there 
appears to be little desorption, so that infective agents remain close to the soil 
surface and infectivity can persist for at least 18 months (Jacobson et al., 2010). 
Risk of transport to water resources would, therefore, likely be associated with 
particle transport in surface runoff rather than in leaching to groundwater. How-
ever, investigation of transport to deeper soil layers and shallow groundwater 
through preferential flow paths is required. Nevertheless, Gale et al. (1998) con-
cluded that there was negligible risk to humans from drinking water from a chalk 
aquifer over which abattoir wastewater containing BSE prions was applied in sub-
surface irrigation.

Box 5.1 Prions—cont’d
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varies considerably. For example, Yersinia enterocolitica—a concern mainly 
associated with pig manure—is not found everywhere or in the majority of 
herds (Côté et al., 2006; Létourneau et al., 2010).

Inside the alimentary system of the host, pathogenic strains compete 
with long-term colonizers and more transitory strains present. Infected ani-
mals do not shed viable pathogenic organisms continuously in their feces. 
In consequence, the shedding of pathogens by a small number of infected 
animals can contaminate all the manure in storage (Strauch, 1988).

Some of the nonpathogenic microbial strains of Enterococcus and Esch-
erichia coli present in the alimentary system are used as indicators of fecal 
 contamination, and these are usually in large numbers in manure and sewage 
biosolids, certainly in much greater numbers than are pathogenic organisms. 
Indicator organisms are selected for their ease of culturing and enumera-
tion but their persistence in the environment may not be the same as that 
of pathogens (Wilkes et al., 2009). Furthermore, pathogens vary widely 
in the critical number required to initiate illness in humans. Nevertheless, 
the presence of a small number of viable indicator organisms in sources of 
drinking water can indicate a health concern (Raina et al., 1999).

Assessment of pathogen loading to land therefore requires a measure 
of the prevalence of the organism among herds and flocks as well as that 
within a herd together with an estimate of the number of viable organisms 
being shed. The information available is at best incomplete for the major 
pathogens discussed here.

4.1.1.   Bacteria
Bacteria are present in large numbers in manure (Table 5.5); for example, 
there may be 1010 mL−1 in liquid manure. Due to the greater mobility of 
bacteria in the liquid phase compared to the solid phase, liquid manure 
tends to be more uniformly contaminated than solid manure. Bacteria 
present in greatest numbers are fecal coliforms and Enterococcus (Table 5.5). 
Many bacteria of interest have the ability to adapt to living under anaerobic 
conditions. Values given in Table 5.5 provide an indication of the potential 
concentration in a sample of manure. However, the actual value will be 
influenced by the proportion of animals in a herd that are shedding patho-
gens with their feces (and urine in the case of viruses) (Tables 5.6–5.10).

Escherichia coli is a facultative anaerobic fecal coliform bacterium. 
It is usually present in animal feces and most strains are benign or ben-
eficial. These strains are commonly used as indicators of fecal contamina-
tion in water resources. However, some strains of E. coli can cause disease.  
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Table 5.5 Bacterial numbers in some animal manure (CFU g−1 fresh manure)

Manure type Fecal coliforms Enterococcus
Escherichia 
coli O157:H7 Salmonella

Campylobacter 
spp. Source

Liquid swine 
manure

2.4 × 103 to 
5.9 × 106

5 × 104 to 
7.2 × 104

1.3 × 103 0 to 
1.5 × 103

6.1 × 102 Crane et al. (1983), Rüprich 
(1994), Unc and Goss (2006b)

Liquid cattle 
manure

2.4 × 103 4.5 × 102 to 
9.5 × 105

1.5 × 102 to 
1.3 × 107

2.5 × 103 5.3 × 102 Rüprich (1994), Stanley et al. 
(1998a)

Dairy slurry 6.3 × 104 to 
1.0 × 107

4.5 × 102 to 
2.7 × 107

2.6 × 102 2.5 × 103 5.3 × 102 Crane et al. (1983), Östling and 
Lindgren (1991), Stanley et al. 
(1998b)

Solid beef 
manure

2.4 × 105 to 
6.8 × 106

1.5 × 107 Unc and Goss (2006b)

Solid dairy 
manure

2.0 × 105 to 
1.0 × 107

Östling and Lindgren (1991), 
Stanley et al. (1998a)

Fresh cow 
manure

Up to 1.0 × 109 <3 to 
2.4 × 103

<1 to 105 6.9 × 101 to 
3.2 × 105

Clinton et al. (1979), Fegan et al. 
(2003), Mawdsley et al. (1995)

Sheep 6.0 × 106 6.6 × 105 2.5 × 102 5.8 × 103 to 
2.0 × 104

101 to 105 Crane et al. (1983)

Horse 9.4 × 104 6.3 × 106 Crane et al. (1983)
Poultry 1.3 × 106 to 

1.4 × 108
6.2 × 105 to 

1.9 × 108
ND* 4 × 103 8.5 × 108 to 109 Crane et al. (1983)

*ND—not determined.
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Table 5.6 Mean percentage of herds or flocks in a study area with disease carriers 
identified, infected animals in a study area, or animals within a herd carrying verotoxin-
producing E. coli (VTEC)

Animal Prevalence measure
Prevalence % 
VTEC References

Dairy cattle Herds 42 (17–64) Aslam et al. (2010)
Berry et al. (2006)
Beutin et al. (1993)
Bolton et al. (2012)
Chapman et al. (1997)
Edrington et al. (2004)
Elder et al. (2000)
Farzan et al. (2010)
Feder et al. (2003)
Franco et al. (2009)
Franz et al. (2007)
Gannon et al. (2002)
Hancock et al. (1994)
Hancock et al. (1997a)
Hancock et al. (1997b)
Herriott et al. (1998)
Heuvelink et al. (1999)
Hutchison et al. (2002)
Hutchison et al. (2005a)
Laegreid et al. (1999)
Lahti et al. (2003)
Looper et al. (2009a,b)
Mechie et al. (1997)
Montenegro et al. (1990)
Neilson et al. (2002)
Ogden et al. (2004)
Ogden et al. (2005)
Omisakin et al. (2003)
Oporto et al. (2008)
Paiba et al. (2002)
Paiba et al. (2003)
Shere et al. (1998)
Sidjabat-Tambunan and  

Bensink (1997)
Stanford et al. (2005)
Wells et al. (1991)
Zhao et al. (1995)

Animals 5 (<1–16)
Animals in herds 14 (1–41)

Beef cattle Herds 48 (2–72)
Animals 13 (2–28)
Animals in herds 24 (2–54)

Cattle  
(Unclassified)

Herds 22 (13–39)
Animals 12 (4–21)
Animals in herds 10

Sheep Flocks 18 (2–40)
Animals 29 (2–67)
Animals in flocks 7

Pig Herds 15 (0–32)
Animals 3 (0–8)
Animals in herds 2

Chicken Flocks –
Animals 0
Animals in flocks –

Turkey Flocks –
Animals 1
Animals in Flocks –

Range of values in parentheses. Preference given to results describing detects in fecal samples.
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Table 5.7 Mean percentage of herds or flocks in a study area with disease carriers 
identified, infected animals in a study area, or animals within a herd carrying 
thermophilic Campylobacter spp.

Animal
Prevalence 
measure

Prevalence % 
Campylobacter 
spp. References

Dairy cattle Herds 89 (67–100) Akhtar et al. (1990)
Alter et al. (2005)
Altrock et al. (2007)
Anderson et al. (2012)
Atabay and Corry (1997)
Atabay and Corry (1998)
Bae et al. (2005)
Bardon et al. (2008)
Berndtson et al. (1996)
Berry et al. (20006)
Bolton et al. (2012)
Denis et al. (2011)
El-Shibiny et al. (2005)
Ellerbroek et al. (2010)
Ellis-Iversen et al. (2009)
Farzan et al. (2010)
Gebreyes et al. (2005)
Grinberg et al. (2005)
Grove-White et al. (2010)
Guévremont et al. (2004)
Hakkinen and Hänninen (2009)
Hartnach et al. (2009)
Haruna et al. (2012)
Hutchison et al. (2002)
Hutchison et al. (2005a)
Jensen et al. (2006a)
Luangtongkum et al. (2006)
Manser and Dalziel (1985)
Meldrum et al. (2006)
Munroe et al. (1983)
Oporto et al. (2007)
Perko-Mäkelä et al. (2011)
Ridley et al. (2011)
Sato et al. (2004)
Schuppers et al. (2005)
Scott et al. (2012)
Stanley et al. (1998a)
Stanley et al. (1998b)
Varela et al. (2007)

Animals 36 (19–47)
Animals in herds 54 (67–37)

Beef cattle Herds 80 (59–100)
Animals 57 (41–89)
Animals in herds –

Cattle 
(Unclas-
sified)

Herds 30 (13–63)
Animals 14 (0–24)
Animals in herds 60 (39–81)

Sheep Flocks 46 (21–88)
Animals 44 (22–92)
Animals in flocks 9

Pig* Herds 64 (14–100)
Animals 63 (25–100)
Animals in herds 75 (58–100)

Chicken Flocks 44 (19–86)
Animals 69 (39–100)
Animals in flocks –

Turkey Flocks 50
Animals 75 (66–83)
Animals in Flocks 7

Range of values shown in parentheses. Preference given to results describing detects in fecal samples.
*Mostly C. coli.
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One such is E. coli O157:H7 commonly associated with the so-called 
“Hamburger Disease” in which the genes for “Shiga toxin” or “verotoxin” 
are  present. Prevalence of the organism is greatest in cattle and sheep but 
it has been detected infrequently in pig and poultry (Table 5.6), so there 
would appear to be less risk of human infection from these latter sources. 
There is  evidence for seasonality in shedding of E. coli O157:H7, including 

Table 5.8 Mean percentages of herds or flocks in a study area with disease carriers 
identified, infected animals in a study area, or animals within a herd carrying 
Salmonella spp.

Animal
Prevalence 
measure

Prevalence % 
Salmonella spp. References

Dairy cattle Herds 56 (11–100) Baptista et al. (2010)
Bolton et al. (2012)
Callaway et al. (2005)
Clinton et al. (1979)
Cummings et al. (2009)
Davies et al. (2003)
Edrington et al. (2004)
Farzan et al. (2006)
Farzan et al. (2010)
Fosse et al. (2008)
García-Feliz et al. (2007)
Grinberg et al. (2005)
Hölzel and Bauer (2008)
Hurd et al. (2003)
Hutchison et al. (2002)
Hutchison et al. (2005a)
Jensen et al. (2006b)
Kishima et al. (2008)
Lo Fo Wong et al. (2003)
Looper et al. (2009b)
Mafu et al. (1989)
Mejía et al. (2006)
Meldrum et al. (2006)
Merialdi et al. (2008)
Nielsen et al. (2011)
Parveen et al. (2007)
Rajic et al. (2005)
Steinbach et al. (2002)
Van Hoorebeke et al. (2009)
Vanselow et al. (2007)
Warnick et al. (2003)

Animals 27 (0–41)
Animals in herds 33 (1–81)

Beef cattle Herds 46 (10–82)
Animals 2
Animals in herds 33

Cattle 
(Unclassi-
fied)

Herds 6 (5–8)
Animals 18
Animals in herds –

Sheep Flocks 9 (8–9)
Animals –
Animals in flock –

Pig Herds 38 (2–90)
Animals 21 (1–100)
Animals in herds 10

Chicken Flocks 18 (13–24)
Animals 48 (7–88)
Animals in flocks –

Turkey Flocks –
Animals –
Animals in 

Flocks
–

Range of values shown in parentheses. Preference given to results describing detects in fecal samples.
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within a herd carrying Listeria or Yersinia

Animal Prevalence measure

Prevalence % References

Listeria Yersinia Listeria

Dairy cattle Herds 46 – Hutchison et al. (2002)
Hutchison et al. (2005a)
Esteban et al. (2009)
Farzan et al. (2010)
Mohammed et al. (2010)
Pradham et al. (2009)
Skovgaard and Nørrung (1989)

Yersinia
Mafu et al. (1989)
Farzan et al. (2010)
Fukushima et al. (1983)
Liang et al. (2012)
Pilon et al. (2000)
Apslund et al. (1990)
Gürtler et al. (2005)

Animals – –
Animals in herds – –

Beef cattle Herds 31 –
Animals 3 (<1–5) –
Animals in herds – –

Cattle  (Unclassified) Herds 29 (29–30) –
Animals – 18
Animals in herds 21 –

Sheep Herds 25 (14–30) –
Animals – –
Animals in herds 2 –

Pig Herds 18 (4–27) 48 (5–100)
Animals 3 (2–3) 12 (5–20)
Animals in herds 0 40

Chicken Flocks 19 (19–19) –
Animals – –
Animals in flocks – –

Turkey Flocks – –
Animals – –
Animals in flocks – –

Range of values shown in parentheses.
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Table 5.10 Percentage of herds or flocks in a study area with disease carriers identified, infected animals in a study area, or animals within a 
herd carrying zoonotic protozoan pathogens

Animal Prevalence measure

Prevalence % References

Cryptosporidium 
parvum Giardia spp. Cryptosporidium parvum Giardia

Dairy Cattle Herds 14 60 Castro-Hermida et al. (2002)
Causapé et al. (2002)
Coklin et al. (2007)
Duranti et al. (2009)
Enemark et al. (2002)
Grinberg et al. (2005)
Huetink et al. (2001)
Hutchison et al. (2002)
Hutchison et al. (2005a)
Lorenzo Lorenzo et al. (1993)
Maddox-Hyttel et al. (2006)
McEvoy and Giddings (2009)
Olson et al. (1997)
Quílez et al. (1996a,b)
Ralston et al. (2003)
Scott et al. (1995)
Wade et al. (2000)
Winkworth et al. (2008)
Xiao et al. (1994)

Coklin et al. (2007)
Heutink et al. (2001)
Hutchison et al. 

(2002)
Hutchison et al. 

(2005a)
Maddox-Hyttel et al. 

(2006)
Olson et al. (1997)
Quílez et al. (1996a)
Ralston et al. (2003)
Wade et al. (2000)
Winkworth et al. 

(2008)
Xiao et al. (1994)

Animals 6 (0–22) 27 (9–42)
Animals in herds 35 (8–59) 7

Beef Cattle Herds – –
Animals 11 (5–17) 100
Animals in herds 43 (21–64) –

Cattle  
(Unclassified)

Herds 24 (5–63) 20 (4–53)

Animals 45 (20–70) 29
Animals in herds – –

Sheep Flocks 48 (29–84) 21 (21–22)
Animals 34 (23–46) 38
Animals in herds – –

Pig Herds 52 (14–100) 30 (2–84)
Animals 12 (11–13) 10 (9–11)
Animals in herds – –

Chicken Flocks ND* ND*
Animals
Animals in herds

Turkey Flocks 100 –
Animals 6 –
Animals in herds 8 –

*Not determined.
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those that carry genes for antimicrobial resistance, with more being released 
in feces in warmer seasons than in cooler times of the year (Aslam et al., 
2010). Both the shedding of E. coli O157:H7 and the concentration in 
feces are reduced in animals carrying endemic bacteriophages infecting this 
 bacterium (Niu et al., 2009).

Campylobacter species Campylobacter jejuni and Campylobacter coli are a 
very common cause of gastrointestinal illness in humans but may also result 
in urinary tract infections. Campylobacter jejuni is most frequently associ-
ated with consuming contaminated poultry meat or raw milk. Campylobacter 
spp., when present, have been found in greater numbers in manure from 
chicken (Gallus gallus domesticus L.) (8.5 × 108 to 109 CFU g−1) than in cattle 
manure (6.9 × 101 to 3.2 × 105 CFU g1) (Table 5.5). Prevalence of Campy-
lobacter spp. within and between herds and flocks is also much greater than 
found for E. coli O157:H7 (Table 5.7). The proportion of animals carrying 
Campylobacter is also large, with little difference between species, including 
turkey (Meleagris gallopavo L.). There is evidence that flocks of chicken can 
be infected by Campylobacter strains originating in cattle, although at least 
some of those strains may have preference for cattle (Ridley et al., 2011).

Salmonella is a common foodborne bacterial pathogen that gives rise to 
gastric influenza-like symptoms in humans (Pell, 1997). Drinking unpas-
teurized milk and eating undercooked eggs have been factors in the trans-
mission of this disease organism (Bicudo and Goyal, 2003). The proportion 
of infected animals appears to be greater in pig and chicken than in cattle or 
sheep (Ovis aries L.) (Table 5.8). The organisms tend to be more prevalent 
in manure over summer months (Farzan et al., 2010).

Listeria monocytogenes gives rise to gastrointestinal disease but can cause 
severe neurological disorders in humans (Pell, 1997). It is a disease organ-
ism associated with a high mortality rate for those infected (Esteban et al., 
2009). Most farm animals and some humans can be symptomless carriers of 
the bacterium. There appears to be little seasonality in the shedding of the 
microbe by farm animals or its presence in animal produce (Esteban et al., 
2009; Mohammed et al., 2010). The limited number of reports suggests that 
herd prevalence in cattle may be somewhat greater than in other species 
(Table 5.9). The proportion of infected animals appears to be relatively small 
(Table 5.9).

Clostridium is a genus of anaerobic spore-forming bacteria, whose spores 
are resistant to environmental stresses, including disinfecting agents. Two 
species, Clostridium perfringens and Clostridium difficile are excreted in the 
feces of many animals and are an important cause of foodborne illness.  
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They commonly cause diarrhea in neonatal pigs, calves and sheep. In one 
study of Clostridium across the Midwestern USA, all of the 11 integrated pig 
operations tested positive for both C. perfringens and C. difficile. All the 16 
regional pig farms had positive tests for C. perfringens but only 10 showed 
positive for C. difficile (Baker et al., 2010).

Yersinia enterocolitica is an enteric bacterium, which in human subjects 
causes acute gastro-enteritis characterized by watery diarrhea and abdomi-
nal pain. It is a significant foodborne pathogen being able to grow at refrig-
eration temperature. It has commonly been associated with pig (Tauxe 
et al., 1987) but has also been isolated from both healthy and diseased cattle 
and diseased sheep (Brewer and Corbel, 1983) (Table 5.9).

4.1.2.   Protozoan Parasites
In addition to the bacterial pathogens, two protozoan parasites may be 
found in manure, especially that coming from cattle. These are Cryptospo-
ridium spp. and Giardia spp. (Table 5.10).

Cryptosporidium parvum requires the ingestion of between 1 and 100 
oocysts (the infectious agent) to cause disease in humans. It is a threat to the 
human population through potable water supplies, as it does not seem to be 
controlled by chlorination at levels that are safe for use in domestic water 
supplies (Pell, 1997). However, the oocysts range in size from 4–6 µm in 
diameter so they can be removed by appropriate sand filtration. In the only 
reported national survey (Great Britain), the geometric average concentra-
tion of oocysts in infected cattle manure was 19 g−1 but the maximum value 
recorded in feces from an individual animal was 3500 g−1 (Hutchison et al., 
2004a). The comparable values for pig manure were 58 g−1 and 3600 g−1. 
However, larger concentrations have been found in more localized studies 
(Scott et al., 1994; Xiao et al., 1994).

Giardia lamblia only requires the ingestion of about 10 of the ovoid 
(8–14 × 5–10 µm) cysts to cause disease in humans. Hutchison et al. (2004a) 
reported a geometric average concentration of Giardia cysts in infected cattle 
manure of 10 g−1, with a maximum value in feces from an individual animal 
of 5000 g1. Values for calves generally exceed those for cows (Ralston et al., 
2003). Values for pig manure were about 10 times greater than for cattle.

4.1.3.   Helminthic Worms
Two helminths can be found in animal manure. Ascaris suum is associated with 
pig manure. Tenia solium, the human tapeworm, is very uncommon in North 
America and Western Europe, but pigs and sheep can be intermediate hosts.
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4.1.4.   Viruses
Other common contaminants of manure include viruses (Addis et al., 1999). 
Coronaviruses, which give rise to diarrhea in calves and pigs, and reoviruses, 
which are excreted by cattle, are found in manure (Strauch, 1987). Bovine 
rotaviruses may be isolated from cattle manure, but this is not thought to be 
common (Pell, 1997). Nevertheless, rotaviruses cause diarrhea in neonates 
of humans and a number of other animals (Estes and Cohen, 1989).

Importantly, many of the viruses of animals that are likely to be found 
in manure apparently do not give rise to diseases in humans (Pell, 1997). 
For example, bovine parvoviruses do not appear to be related to those that 
affect humans. Enteroviruses and adenoviruses in animals have not been 
considered to represent a significant threat to humans (Stelma and McCabe, 
1992). However, swine hepatitis E is closely allied to the form of the virus 
found in humans, who can be infected through inadequately prepared liver 
(Yazaki et al., 2003). People can also contract hepatitis E through drinking 
contaminated water (Meng et al., 1997).

Influenza virus is very widespread, and poultry and pig can be con-
sidered as potential reservoirs of human strains. Viruses are able to survive 
outside the host for a prolonged period. For example, the infectious avian 
influenza virus can survive in water for 207 days at 17 °C (Brown and 
 Alexander, 1998). However, information about the occurrence and longev-
ity of viruses in animal manure is very limited.

4.1.5.   Changes in Potential Pathogen Numbers during  
Manure Storage
With time in storage the total microbial loading in the manure acts on the 
organic matter present. Straw provides additional carbon sources that assist 
survival. Initially, the number of pathogens may increase as manure is put 
into storage, and then decline (e.g. Himathongkham et al., 1999). Alter-
natively, there may be an immediate reduction in numbers, which steadily 
continues with time (Hutchison et al., 2005b). The rate of decline of bacte-
rial populations is much faster in solid manure stores than in liquid manure 
storage (Table 5.11). In contrast, Enterovirus appears to decline much more 
rapidly in liquid manure. Rotoviruses are stable in feces for as long as 7–9 
months. Some bacteria present in manure can adversely affect the longev-
ity of viruses. These bacteria have developed various strategies to inactivate 
viruses, including the formation of proteases (Pell, 1997).

Differences between winter and summer storage in the rate of loss 
of pathogens are relatively small and there appears to be no consistent 
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pattern (Table 5.11). However, the slowest decline is associated with the 
infective agents of protozoa (Table 5.11). This means that these organisms 
persist longer in stored manure than do other pathogens. Temperature 
(Fig. 5.1), water content and pH of stored manure can all affect the rate of 
decline of pathogens and their persistence in storage (Arrus et al., 2006; 
Olson, 2000; Wang et al., 1996). Urea hydrolysis affects the level of car-
bonate ions and NH3 in solution, which have antimicrobial properties, 
thereby influencing microbial survival (Park and Diez-Gonzalez, 2003; 
Wells and Varel, 2008).

In solid manure stores, pathogens close to the periphery of a pile may 
be subject to a cooler temperature regime than those near the center. Con-
sequently, the latter may not survive, even if those at the periphery do and 
become a source for contamination, when spread on the land ( Sutton, 1983). 
Giardia unlike many other pathogens is sensitive to freezing. Temperatures 
above 30 °C reduce survival times for most pathogens, with the possible 
exception of Giardia (Olson, 2000; Wang et al., 1996). None of the organisms 
appear to survive for long periods of time in dry manure (Olson, 2000).

Table 5.11 Rate of decline of pathogens in stored manure

Livestock 
waste type

Time for one log10 reduction in CFU of bacteria, PFU of viruses and 
oocysts of C. parvum (days)

VTEC
Salmo
nella

Campylo
bacter Listeria

Cryptospori
dium parvum Enterovirus

Liquid manure

Summer
 Dairy 16.3 12.5 8.8 10.3 270
 Beef 31.6 18.0 16.2 12.3 202 9*
 Pig 22.6 24.6 12.9 18.1 239 13
Winter
 Dairy 21.6 13.3 10.2 12.7 250
 Beef 26.4 17.0 14.2 12.2 158
 Pig 19.0 15.0 7.4 15.1 244

Solid manure

 Dairy 1.5 1.8 2.3 2.9
 Beef 2.3 2.2 1.5 3.7
 Sheep 1.6 1.6 2.2 2.2 35*
 Pig 1.4 1.8 1.9 3.2 300
 Poultry 1.4 1.8 2.5 2.1

*Human strain.
(Based on Bolton et al. (1999), Hutchison et al. (2005b,c), Lund and Nissen (1983), Nicholson et al. (2005))
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Nazir et al. (2011) investigated the survival of a number of avian influ-
enza viruses in duck (Anas platyrhynchos) feces at incubation temperatures of 
10 and 30 °C. The time to 90% inactivation (T90) ranged from 2 to 3 weeks 
at the cooler temperature but at 30 °C it was only 1–2 days. Two other 
viruses, Newcastle disease virus and enteric cytopathogenic bovine orphan 
virus, persisted longer, having T90values at 10 °C of 9.3 and 23.7 weeks 
respectively (Nazir et al., 2011).

4.2.   Macronutrients
Threats to human health from forms of N in soil amendments come from 
NH3, NO2

− and only indirectly from NO3
−. Threats to human health from 

forms of N in soil amendments come from the products of the mineral-
ization and nitrification of organic compounds, NH4

+–N, NO2
−–N and 

NO3
−–N. Only the latter two pose a direct threat to human health when 

formed after the application of organic amendments to the land.
Once it enters a potable water source, NO3

− has been a concern 
because once in the mouth it can be reduced to NO2

− at the back of 
the tongue (Duncan et al., 1995). Following uptake into the bloodstream, 
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Figure 5.1 Effect of temperature on the survival of E. coli and Samonella typhimurium 
in beef cattle manure. Limit of detection was 1 log10 CFU g−1 dry weight. (Data from 
Semenov et al. (2007)).
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NO2
− is responsible for nitrite-induced conversion of oxy-hemoglobin 

(Hb) to methemoglobin (MetHb) (Forman et al., 1985). In MetHb, the 
iron in the heme group is oxidized but as the reaction is not readily revers-
ible in neonates, tissues become starved of oxygen resulting in a cyanosis. 
However, the evidence suggests the need for a combination of high levels 
of NO3

− and bacteria in the stomach for MetHb to develop (Addiscott and 
Benjamin, 2004; Rudolph et al., 1992; WHO, 1984). However, the forma-
tion of MetHb can occur in the absence of high levels of NO3

− in the 
diet as a response to gastroenteritis (Hegesh and Shiloah, 1982). Under the 
normally very acid (pH 1 to pH 3) conditions in the stomach (and at vari-
ous points in the mouth), NO2

− (pKa 3.4) can be converted to NO and 
NO2 (Benjamin et al., 1994). However, in infants younger than 6 months 
and in a very few adults the levels of acidity are lower, possibly limiting the 
conversion. NO is a very effective antimicrobial agent, suggesting that its 
formation is consistent with a beneficial role for nitrate in our food and 
water (Addiscott and Benjamin, 2004). Nevertheless, it is thought that in 
young infants NO released in response to gastroenteritis may enter the 
bloodstream and convert Hb to MetHb and the development of cyano-
sis. There is now evidence that deoxy-hemoglobin can reduce NO2

− to 
NO, consistent with a protective role for nitrite in the circulatory system 
(Cosby et al., 2003). The other concern is that in the stomach and intes-
tines NO may form in response to chronic inflammation and following 
reaction with O2 it can be converted to the nitrosating compounds N2O3 
and N2O4. These oxides of N can react with secondary and tertiary amines 
and with amides to form N-nitroso compounds (NOC), believed to be 
responsible for cancers of the gastrointestinal tract. NOC have also been 
linked to other health issues, diabetes and adverse reproductive outcomes, 
such as premature births and congenital malformations (Ward et al., 2005). 
L’hirondel and L’hirondel (2002) have provided a critical account of the 
evidence linking NO2

− and NO3
− intake to human health. For a discus-

sion of the significance of these ions in the maintenance of a healthy body, 
see Bryan and van Grinsven (2012).

When organic amendments are stored, there is a health risk from vola-
tilization of NH3 following the hydrolysis of urea (cattle, sheep, pigs), uric 
acid (poultry) or its derivative ureides (Hristov et al., 2011). The NH3 
can build up sufficiently to cause irritation in poorly ventilated barns 
and adversely affect the lungs of workers (Kirkhorn and Garry, 2000). 
Ammonia has a strong, sharp characteristic odor, which can be a cause of 
great discomfort, especially for people suffering from asthma or allergies  
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(Schiffman and Williams, 2005; Schiffman et al., 2000). It is the irritation 
threshold levels, 4–8 ppm (v/v), rather than the odor threshold of 0.8 ppm 
(v/v), which can be a cause of the related health symptoms from NH3 
(Schiffman and Williams, 2005). Human detection of NH3 odor occurs at 
sufficiently small concentrations that harmful exposures are generally avoid-
able by moving away from the source. Residents downwind from a store of 
organic amendments releasing NH3 can also experience health discomforts 
such as increased eye irritation, nausea, weakness and even psychological 
disorders (Schiffman et al., 1995; Thu et al., 1997). However, the severity of 
the impact is determined by factors such as wind speed, wind direction and 
distance from the NH3 source. For example, McGinn et al. (2003) observed 
that NH3 concentrations declined asymptotically with distance, such that 
for two locations 200 m apart, the concentration was 65–82% less at the 
downwind site. The concentrations were generally greater during the eve-
nings when wind speeds were less than during the day and dispersion was 
more limited.

Elevated NH3 emissions from organic amendments can also potentially 
negatively impact the environment, and therefore be a human and animal 
health hazard, by contributing to eutrophication of surface waters, nitrate 
contamination of ground waters, soil acidity and fine particulate matter 
(PM) formation (Cisneros et al., 2010; Spiehs et al., 2010). While NH3 itself 
is not a greenhouse gas, it may also contribute to global warming through 
nitrous oxides formation (Arogo et al., 2006). Probably, the greatest risk 
to public health results from reactions between NH3 and sulfuric, nitric 
or hydrochloric acids in the atmosphere to form aerosols of fine particu-
late material with an aerodynamic diameter ≤2.5 µm (PM2.5). Sulfuric and 
nitric acids are products of the oxidation in the atmosphere of SO2 and 
NO2, respectively. These two gases are formed from the burning of fossil 
fuels: SO2 being mostly associated with power generating plants and NO2 
with road transport vehicles. The chloride ion in hydrochloric acid origi-
nates from particles of sea salt from the oceans (Finlayson-Pitts et al., 1989). 
PM2.5 is of concern to human health as it is associated with irritation of the 
bronchial tubes, coughing, difficulty in breathing, decreased lung function, 
aggravated asthma, development of chronic bronchitis, irregularity of the 
heartbeat, nonfatal heart attacks and premature death in people with heart 
or lung disease (Arogo et al., 2006; WHO, 2006). Recent evidence points 
to a role for fine particulates in ischemic strokes (Wellenius et al., 2012) and 
cognitive decline in older women (Weuve et al., 2012). Chronic exposure 
to fine particle aerosols may also be a factor in developing lung cancer.  
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The significance of the finer PM2.5 particulates is that they can be inhaled 
and reach deep into the lungs, where at the peripheral regions of the bron-
chioles and alveoli they can interfere with gas exchange (WHO, 2011). 
However, the evidence strongly suggests that differences in the chemical 
composition, including acidity, of particles rather than their size is critical 
to the development of health effects (Donaldson and Seaton, 2012; Seaton 
et al., 1995; Steenhof et al., 2011), with a decrease in metabolic activity 
in affected tissue being directly related to particulate oxidative potential 
(Steenhof et al., 2011).

Under anaerobic conditions, the breakdown of carbon compounds 
in organic amendments can release CH4. This odorless gas can result in 
asphyxiation of anyone entering the close confines of tanks used for spread-
ing liquid amendments. The breakdown of sulfur-containing proteins can 
release H2S gas, which is poisonous. Proper attention to health and safety 
guidelines can avert these risks.

The P from organic amendments does not directly threaten human 
health, but it is the loss to surface water that can be problematic. When P 
enters freshwater bodies, it makes them more able to support the growth of 
aquatic plants, particularly algae—the process of eutrophication. The death 
of a bloom of these algae and its subsequent breakdown by microorganisms 
depletes the oxygen concentration in the water, limiting its availability to 
fish and other creatures, and in extreme conditions fish can be asphyxiated 
(Chambers et al., 2001). One group of algae that respond to the phosphorus 
by growing rapidly is the Cyanobacteria. Some of these organisms produce 
toxins that can cause illness in humans. Some toxins appear to attack the 
liver, others the nervous system, while others are more general in their 
impact (Falconer, 2001). It has been established that the exotoxins pro-
duced by cyanobacteria show specificity in the target organ, although cyl-
indrospermopsin, a hepatotoxin, can also damage kidneys (Falconer et al., 
1999) and cause gastroenteritis (Humpage et al., 2005). Exposure to cyano-
bacterial endotoxins, specifically lipopolysaccharides from the cell wall, has 
often been associated with the more general disease symptoms, but Stewart 
et al. (2006) have questioned that linkage. Although it is rare that drink-
ing water containing the toxins results in acute or severe illness (Falconer, 
2001), it has been claimed that long-term exposure may be associated with 
the development of cancer (Carmichael et al., 1985; Falconer, 1991). The 
evidence for specific toxins promoting tumor growth or being carcinogenic 
has come mainly from in vitro studies and with animal models (Falconer and 
 Humpage, 2001).
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4.3.   Trace Elements
Common trace-element contaminants found in organic amendments are 
Cu, Zn and Cd but depending on the source, especially of sewage bio-
solids, there can be many other trace elements present. Trace elements Cu 
and Zn are frequently included in the diet of grower and finisher pigs as a 
simple means of reducing disease in animals confined to the barn, as well as 
improving weight gain. Lameness in dairy cattle may also be treated with 
Cu (Bolan et al., 2003). The provision of other metals can be required: for 
example, in North America animal diets may require the addition of sele-
nium to avoid deficiency problems in the Great Lakes region, the pacific 
northwest of the U.S., and along much of the Atlantic coastal area (Ullrey, 
1992). Much of a trace element supplied in the feed ends up in the manure 
from the animals. Increased use of recycled paper in pulp mills has resulted 
in elevated levels of some trace elements, such as Cu and Zn, in paper mill 
biosolids.

In addition to Cu and Zn, there can also be significant amounts of Cd 
(Table 5.4), Pb and Cr in manure (Menzi and Kessler, 1998; Nicholson 
et al., 1999; Unwin, 1998). However, Taiganides (1987) suggested that in 
the USA, cattle excrete only trace amounts of these metals. There is con-
siderable variation in metal content between sources and types of manure 
on a dry matter basis. For example, the Cu content of pig manure is almost 
10 times than that in poultry manure (Table 5.4). With the breakdown of 
organic compounds and associated loss of mass, the tendency is for the 
concentration of metals within a source of manure to increase with time. 
For Cd, Pb and Se, the median annual input to fields in sewage sludge is at 
least an order of magnitude greater than that applied in animal manure. In 
contrast, the median value for the input of Cu with sludge is about 7 times 
greater than that with manure. The input of Zn is similar from both sources 
(Sheppard et al., 2009).

Once organic amendments have been incorporated into the soil, metals 
tend to accumulate, as total removal is small. The bioavailability of metals to 
crops in freshly applied amendments, particularly manure, does not neces-
sarily remain the same over time but tends to diminish (Bolan et al., 2004; 
Brandt et al., 2008; Stomberg et al., 1984), by a factor of a little less than 2 
in the case of Cu (Smolders et al., 2012), possibly as result of an increase in 
the size of organic ligands to which they are attached (Del Castilho et al., 
1993a), or through forming bonds with other metal oxides (Kukier et al., 
2010). For example, when Cu is added to soil in organic amendments, it can 
be almost 6 times less available to plants than if the same amount is added as 
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a Cu2+ salt (Smolders et al., 2012). The reduced bioavailability of Cd is not 
directly related to its exchangeability, which appears to be >60% in a num-
ber of soils receiving organic amendments (Kukier et al., 2010). Interactions 
with Fe may contribute to its reduced bioavailability (Kukier et al., 2010).

Recently, Chaney (2012) reviewed the safety of food associated with 
the bioavailability of the trace elements and heavy metals applied to soils 
in fertilizers or organic amendments. When crops absorb trace metals, these 
elements enter the feed and food cycle of animals and humans (De Vries 
et al., 2007). If they enter water resources, they can be taken into potable 
water supplies. Threats to human health come from concentrations of trace 
metals in food and water that either are inadequate, leading to deficiency 
diseases, or toxic (Benke et al., 2008; Gupta and Gupta, 1998; Oliver, 1997). 
In addition, there can be interactions between the availability of some met-
als in the human diet and the absorption of others. For example, absorption 
and retention of Cd can be enhanced in individuals whose diets contain 
insufficient amounts of Zn (Reeves and Chaney, 2008). Absorption of some 
categories of antibiotics, such as tetracyclines (Penttilä et al., 1975) and fluo-
roquinolones (Lomaestro and Bailie, 1995), can also be impaired by the 
simultaneous ingestion of Zn. There is some evidence that typical levels of 
Cd in the environment can reduce the likelihood of women to become 
pregnant (Buck Louis et al., 2012).

4.4.   Antibiotics and Other Pharmaceuticals
Antibiotics are fed to or injected into animals to deal with specific disease, 
as a prophylactic or to induce changes in the microbial population in the 
rumen of cattle. The compounds and classes commonly administered to 
farm animals are similar or the same as those used in the health services of 
the human population (Gorbach, 2001, Table 5.12). A wide range of per-
sonal care products include compounds, such as triclosan and triclocarban, 
that have bactericidal properties and pass into sewage systems. Whether the 
antibiotics are administered by subcutaneous injection or in feed, only a 
part of that administered is metabolized in farm animals or in humans. 
Between 40 and 90% of an administered pharmaceutical dose is excreted 
soon after the treatment (Aust et al., 2008; Hansen et al., 2009; Winckler and 
Grafe, 2001), mainly in feces but some is also found in urine. For example, 
Lamshöft et al. (2007) administered sulfadiazine to pigs. After 10 days, only 
4% of the administered sulphonamide drug remained in the animals, while 
the drug present in the manure accounted for 44% of the dose administered, 
with two main metabolic derivatives accounting for another 46%. It was 
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Antibiotic class
Commonly used 
representatives Usage

Aminoglycosides Neomycin Used to prevent wound infections and to reduce cholesterol in humans. Feed additive 
(chicken)

Gentamycin Broad spectrum bacteriocide in farm animals
β-Lactams Ampicillin Broad spectrum bacteriocide in humans and occasionally for pig

Penicillin Widespread use against Gram-positive bacteria in human and veterinary medicine
Fluoroquinolones Enrofloxacin Broad spectrum bacteriocide used in veterinary treatment

Difloxacin Treatment of lower respiratory tract bacterial infections in farm animals
Glycopeptides Vancomycin “Drug of last resort” against Gram-positive bacteria in humans
Imidazoles Metronidazole Used as a treatment against anaerobic bacteria (e.g. Clostridium difficile) and protozoa  

in humans.
Used for horse but not food animals.

Macrolides Erythromycin Similar usage to penicillin, but used against pneumonia
Tylosin Bacteriocide for beef cattle, pig and poultry. Feed additive (pig)

Polyethers Monensin Antimalarial properties. Bacteriocide. Feed additive (poultry, beef and dairy cattle)
Salinomycin Bacteriocide. Used in breast cancer therapy in humans and as a feed additive in chickens

Polypeptides Ivermectin General use against parasites (nematode, helminth) in both human and veterinary medicine
Virginiamycin Feed additive (pig and poultry)

Quinoxaline  
deri vatives

Olaquindox Feed additive (pig)

Sulphonamides Sulfadiazine Used in treatment of urinary infections in humans and as an antihelmithic in animals
Sulfadimidine Used in treatment of urinary infections in humans.

Widespread use as an antibiotic in farm animals and as a feed additive (pig)
Tetracyclines Tetracycline Broad spectrum bacteriocide used in human and veterinary treatment

Oxytetracycline Broad spectrum bacteriocide used in human and veterinary treatment, including 
 pneumonia
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considered that these metabolites could be easily transformed back to the 
original antibiotic. As a result, large quantities of antibiotics can enter the 
environment each year via excretion (Christian et al., 2003) and are applied 
to soils in manure and in sewage biosolids for crop production. Information 
on the concentrations of different antibiotics in manure is scarce, but values 
vary greatly between source species and the type of operation (Table 5.13).

Degradation of antibiotics during storage of amendments is important 
in terms of total mass and the concentration at which they are applied to 
soil. Some antibiotics degrade rapidly in storage. For example, monensin, 
one of the most commonly used feed additives was degraded by about 85% 
within 11 weeks (Donoho, 1984). However, Dolliver et al. (2008) found 
that monensin and tylosin had undergone a reduction of between 54 and 
76% after composting was complete, consistent with a half-life in the pro-
cess of 17 and 19 days respectively.  The concentration of tylosin in beef 
calf manure declined below the limit of quantification within 30 days of 
storage (De Liguoro et al., 2003). In contrast, concentrations of sulfdiazine 
and difloxacin in pig manure showed no decline after 150 days storage 
(Lamshöft et al., 2007). The breakdown of tylosin appears to be enhanced 
with increased dry matter content of the manure (Loke et al., 2000). Com-
posting at a temperature of 25 °C reduced chlortetracycline and its isomer, 
iso-chlortetracycline by about 45% but between 36 and 45 °C more than 
90% of oxytetracycline and chlortetracycline were eradicated. The process 
was even more effective if the temperature could reach 70 °C (Arikan et al., 
2009a,b). Cessna et al. (2011) found similar results for the breakdown of 
chlortetracycline and iso-chlortetracycline (that had been formed during 
the formation of windrows for composting) and for tylosin, but results for 
sulfamethazine were more varied (93% removal in year 1 of an experiment 
but only a 59% reduction in the repeat year). Dolliver et al. (2008) obtained 
no decrease in the content of sulfamethazine by composting spiked turkey 
litter, although chlortetracycline was almost completely degraded over the 
same time period. King et al. (1983) showed that monensin reduced the 
organic N content of manure, indicating that antibiotics can affect microbial 
processes in manure (Haller et al., 2002; Schlüsener et al., 2003).

Some antibiotics can be persistent in soils (Christian et al., 2003; 
 Hamscher et al., 2002; Samuelsen, 1989). Consequently, the concern is 
that zoonotic disease organisms (microorganisms that can cause disease in 
both humans and animals) will develop resistance to the families of antibi-
otic compounds used. This can then increase the risk of pathogens in the 
human environment developing greater resistance to treatment. Similarly, 
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Antibiotic class Antibiotic Source
Concentration 
mg kg−1 dry wt References

Fluoroquinolones Difloxacin Pig 34–460 Karci and Balcioğlu (2009)
Lamshöft et al. (2010)
Sukul et al. (2009)

Enrofloxacin Chicken 0.05

Macrolides Tylosin Beef calves <0.1–115.5* De Liguoro et al. (2003)
Polyethers Monensin Chicken 4000 Hansen et al. (2009)
Polypeptides Ivermectin Beef cattle 3.9–9.0 Sommer and Steffansen (1993)
Sulphonamides Sulfachloropyridazine Chicken 10–35 Aust et al. (2008)

Burkhardt et al. (2005)
Christian et al. (2003)
Haller et al. (2002)
Karci and Balcioğlu (2009)
Lamshöft et al. (2010)

Sulfadiazine Chicken
Pig

1–2
2517.9

Sulfadimidine Beef cattle
Beef calves
Pig (grower)

<0.1–10
1.0–6.2
1–440

Sulfamethoxazole Chicken <5
Sulfathiazole Chicken

Pig (grower)
Pig (farrowing)

<6
0.1–5.3
12.4–375.8

Tetracyclines Chloretracycline Beef cattle
Beef calves
Pig
Chicken

0.1–401
113
880
0.25–95

Arikan et al. (2009a,b)
Aust et al. (2008)
Bao et al. (2009)
Karci and Balcioğlu (2009)

Oxytetracycline Beef cattle
Beef calves
Chicken

0.05–18
0.8–871.7*
0.06–0.45

Arikan et al. (2009a)
De Liguoro et al. (2003)
Karci and Balcioğlu (2009)

*Fresh feces.
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if the same or similar products are applied to agricultural soil in sewage 
biosolids, this can increase the locations with microbes that are resistant 
to multiple drugs (Hölzel et al., 2010). Ramchandani et al. (2005) showed 
that some antimicrobial-resistant pathogenic strains of E. coli causing uri-
nary tract infections in women were closely associated with isolates having 
the same molecular resistance markers obtained from cattle. Significantly, 
Chapin et al. (2005) reported the presence of airborne multidrug-resistant 
Enterococcus and Staphylococcus at a swine finisher barn in the USA, such that 
inhalation could provide a direct pathway of exposure to people entering 
such a facility.

4.5.   Hormonally Active Compounds
The final group of contaminants found in organic amendments, which is 
used to supply plant nutrients, is composed of those that have hormone-
like activities. A number of synthetic compounds, such as alkylphenols and 
degradation products of alkylphenolethoxylates (Brix et al., 2010), appear 
to mimic or interfere with the action of naturally occurring hormones and 
have been variously referred to as environmental estrogens or xenoestrogens. 
They are also known as endocrine-disrupting substances (Servos et al., 2001). 
In addition, compounds have been manufactured to simulate the action of 
natural sex hormones, which function to stimulate the growth of sexual 
structures and the development of secondary sexual characteristics. Both 
naturally occurring hormones and manufactured compounds can interfere 
with the action of the endocrine control mechanisms of other species. Long-
term exposure can result in impaired growth, development and reproduction 
in fish, wildlife, and possibly even humans. Animal manure contains signifi-
cant amounts of hormones (Kinney et al., 2008), which are produced mainly 
during reproductive phases. Estrogens are present in the urine or feces of 
pregnant and lactating females and testosterones in those from males. Simi-
larly, testosterone and estrogens together with other endocrine disrupting 
substances can be present in sewage sludge (Andersen et al., 2003; McClellan 
and Halden, 2010; Muller et al., 2010; Stumpe and Marschner, 2007). Liu 
et al. (2011) described 26 compounds with hormonal activity that are widely 
used in oral contraceptives and are likely to be present in sewage biosolids. 
However, our knowledge of their fate in the environment is limited.

4.5.1.   Natural Hormones and Endocrine Disrupting Substances
During reproduction, the manure of farm animals contains significant 
amounts of natural estrogens. An assessment of the relative estrogenic potency 
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suggests that estradiol ranked first among a list of naturally occurring estro-
gens. The soybean constituent, genistein, was given a potency of 1, but the 
potency of estradiol was 10,000 to 20,000 times greater (Ivie et al., 1986).

Estrogens are excreted in both urine and feces. Estradiol exists in the 
form of two steroisomers: 17α- and 17β-estradiols. Cattle excrete both 
17α-estradiol and 17β-estradiol, together with estrone and their conjugated 
forms linked to sulfate and glucuronide. In contrast, pig and poultry excrete 
mainly 17β-estradiol together with estrone, estriol and their conjugated 
forms (Hanselman et al., 2003). Ivie et al. (1986) reported that most of 
the 17β-estradiol injected into steer calves was metabolized before being 
excreted in feces (57% of initial material) or urine (42% of initial  material). 
However, the metabolites also had estrogenic activity. 17β-estradiol 
is excreted by mature laying hens (MacRae et al., 1959), with the mass 
excreted (Mathur and Common, 1969) and the concentration in manure 
being greater than in that from nonlaying birds (Table 5.14). More estrone 
was excreted by laying hens than from nonlaying birds and peaked at, or 
around, the day that the first egg was laid (Mathur et al., 1966). Only small 
concentrations of  estrogens have been detected in manure from beef cattle 
(Table 5.14).

Some compounds in the diet can contribute to the total loading of 
endocrine disruptive compounds in manure. For example, pigs and dairy 
cattle excrete equol, a metabolite of the phytoestrogens daidzein and for-
mononetin, when fed with soybean products. Although equol was found 
in relatively large concentrations in the manure, its relative potency is con-
sidered to be much less than that of 17β-estradiol (Burnison et al., 2000).

After reviewing the available evidence, Lange et al. (2002) concluded that 
degradation of natural hormones was very slow during the storage of both 
liquid and solid manures. Most of the compounds excreted would therefore 
be applied to the land unless removed by a separate treatment process.

4.6.   Compounds in Waste from Processing Agricultural 
Products
Some plant species, such as olive, cassava, oil palm, produce phenols and 
polyphenols in their tissues. Such compounds can be released from the tissue 
during the processing of plant material. Some of these phenols have biologi-
cal effects, including antibiosis (González et al., 1990), antimicrobial (Obied 
et al., 2007) and phytotoxic properties (Hanifi and El Hadrami, 2008). How-
ever, these phenols do not usually persist in soil long enough to enter the 
food chain and represent any direct threat to human health.
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5.   AGRICULTURAL BENEFITS FROM ORGANIC 
AMENDMENTS

 The application of organic amendments to agricultural land provides 
nutrients, both macro- and micronutrients, to crops as well as contributing 
to the improvement in soil physical and chemical conditions for plant pro-
duction. When mineral fertilizers are scarce, the use of organic amendments 

Table 5.14 Concentrations of some natural hormones in animal manure

Animal 
category Compound

Concentration

Reference(µg kg−1) ng L−1

Chickens

Layer Total estrogen 810–1600 Calvert et al. (1978)
Shore et al. (1988)Layer Estradiol-17α

Layer Estradiol-17β 533
Broiler Total estrogen 330 Calvert et al. (1978)

Hutchins et al. (2007)
Nichols et al. (1997)

Broiler Estradiol-17α 133–380
Broiler Estradiol-17β 130 32–66
Broiler Estrone 1500–2800
Broiler Estriol 187–468
Pigs

Estradiol-17α 520 680–3000 Furuichi et al. (2006)
Hutchins et al. (2007)
Raman et al. (2004)
Burnison et al. (2000)

Estradiol-17β* 1400 1500–4000
Estrone 4752 5400–10,100
Estriol 3000–6300
Equol 40,000†

Cattle

Dairy Estradiol-17α 210–1400 700–3750 Gadd et al. (2010)
Hutchins et al. (2007)
Raman et al. (2004)
Zheng et al. (2008)
Burnison et al. (2000)

Estradiol-17β 100–150 1500
Estrone 210–540 4500
Equol 3000*

Beef Estradiol-17α 5.5 Hutchins et al. (2007)
Estradiol-17β <20
Estrone* 20

Horse†

Estradiol-17β 40,000 Busheé et al. (1998)

*Soluble fraction only, approximate dry-matter content used to obtain concentration.
†Bedding present.
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may be the only means of providing nutrients in sufficient quantity to 
achieve more than subsistence production.

5.1.   Impact on Soil Properties and Conditions
An important reason for applying organic amendments is to offset the natu-
ral decline in organic matter and enhance the physical and chemical proper-
ties of arable soils. Surface application of organic amendments can improve 
the C and N content in the top 5 cm of the soil but may have no significant 
effect below this (Peacock et al., 2001). The magnitude of the effect depends 
on the dry matter content of the amendment. Consequently, effects can be 
small with liquid manure, such as that from pig (Angers et al., 2010). The 
increase in C is associated with greater cation exchange capacity (Bernal 
et al., 1992; Bulluck et al., 2002) and better resilience of soil aggregates 
to raindrop impact (Bresson et al., 2001; Singh and Agrawal, 2008), which 
in turn can improve infiltration and decrease runoff. In addition, adding 
organic matter to mineral soil increases water-holding capacity and porosity, 
and decreases bulk density (Wesseling et al., 2009). Permeability of soil can 
also be enhanced because of greater macroporosity at depth where organic 
amendments have been applied (Munyankusi et al., 1994). Johnston et al. 
(2009) reviewed the dynamics of soil organic matter and its effects on soil 
properties based on an analysis of the long-term experiments at Rothamsted 
Experimental Station (U.K.). The organic C content of a soil was a func-
tion of the input of organic material from crops or other sources, its rate of 
decomposition, the rate at which existing soil organic matter mineralized, 
soil texture, and climate. Under a given cropping system, the soil organic 
matter content tended toward an equilibrium level, which was greater for 
a clay soil than a sandy soil. Crop yields have tended to reflect the organic 
matter content of the soil. In part, this was the result of a greater annual 
release of N together with improved availability of P, when the amount of 
soil organic matter was enhanced. However, the loss of organic carbon was 
also greater under these conditions ( Johnston et al., 2009).

Lack of organic C can reduce the surface charges in soil that are required 
for cation exchange and retaining basic elements, particularly Ca and Mg. 
This can result in increased soil acidity. Simply adding organic material is 
not entirely sufficient to counteract all the adverse changes in soil chemi-
cal and physical properties, since the nature and form of organic material 
is important in the formation of soil aggregates (Musgrave and Nichols, 
1943). By providing resources to enhance the activity of soil microbes, the 
functions of the soil can rebuild with time. In a long-term experiment in  
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northern Italy, a yearly application of 40 Mg ha−1 of farmyard manure from 
cattle to a clay soil for 44 years increased the concentration of humic carbon 
to ∼26 g C kg−1 from the value of ∼18 g C kg−1 measured in treatments that 
received no fertilizer or only mineral fertilizer (Simonetti et al., 2011). This 
application increased the amount of well-humified material in soil aggre-
gate fractions, indicative of enhanced breakdown of readily  catabolized 
organic matter.

The application of PMB, either untreated or composted, increased the 
mean weight diameter of water-stable aggregates by up to 71%, with the 
greatest change being in the numbers <2 mm (Bipfubusa et al., 2008). 
Bresson et al. (2001) reported that aggregate resilience to raindrop impact 
improved after the incorporation of composted sewage biosolids. In conse-
quence, there was a longer time interval between the start of precipitation 
and the generation of runoff as the surface slumped. Less sediment was 
 carried in runoff from the treated soil (Bresson et al., 2001).

The effect of organic material application on soil bulk density is vari-
able. Khaleel et al. (1981) used results from 12 published studies and esti-
mated the percentage decrease in soil bulk density that would result from 
the application of organic materials. Greatest benefits were reported for 
coarse-textured soils, and of the seven amendments considered the most 
effective was poultry manure, although in one experiment the application 
of 450 t ha−1 sewage biosolids in each of two years reduced bulk density 
by almost 30%. Bulluck et al. (2002) reported a significant reduction in soil 
bulk density associated with the application of a variety of organic materi-
als. However, the impact on water-holding capacity is not always as obvi-
ous because changes in water content at both the upper and lower limits 
can result in no net change in the water held between the two (Khaleel 
et al., 1981). Nevertheless, Bernal et al. (1992) reported a 12% increase 
in water-holding capacity but it was confined to a soil with clay content 
close to 20%. The application of PMB and composted PMB to loamy sand 
enhanced plant available water (Foley and Cooperband, 2002; Newman 
et al., 2005), with increases being between 5 and 45% in the plant available 
water. Differences in permeability, as measured by hydraulic conductivity at 
saturation, can also be difficult to establish, although some large increases 
have been recorded (Khaleel et al., 1981). One reason for the lack of clarity 
might be the size of samples used. For example, Munyankusi et al. (1994) 
found that in soil with a history of mineral fertilizer, the greatest macropo-
rosity was found in the top 5 cm of soil but somewhat deeper in soil that 
had regularly received liquid manure from dairy cattle. The continuity of 
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macropores also extended to greater depths in the manured plot, so that 
preferential flow was somewhat greater (Munyankusi et al., 1994).

In India, Joshi et al. (1994) found that incorporating green manure into 
the soil increased soil water storage, which was still evident after a subse-
quent wheat (Triticum aestivum L.) crop. Settling index (cm cm−1), an esti-
mate of structural instability, was least in Sesbania-treated plots (0.26), a little 
larger (0.29) where weeds were incorporated, 0.30 in Leucaena-treated 
plots and greatest (0.34) in plots treated with NPK-fertilizer only. Soil dis-
persion increased from 6.0 to 10.0 g 100 g−1 through the same sequence 
of treatments. Saturated hydraulic conductivity in the Sesbania-treated plots 
was greater than in plots receiving only NPK-fertilizer. Sesbania was supe-
rior to other green manures for improving soil physical properties after its 
incorporation ( Joshi et al., 1994; Sultani et al., 2007).

Changes in basic chemical properties of soil can result from applying 
organic amendments. Improved CEC can result from the application of 
organic soil amendments (Bernal et al., 1992; Bulluck et al., 2002). The 
effect was only observed on a soil with less than 10% clay, a soil with nearly 
20% clay showed no significant difference in organic C content or CEC. In 
the soil with less clay, the CEC was directly related to the organic C content 
(Bernal et al., 1992). Soil pH showed a small but significant rise after appli-
cation, followed by a decline at the end of two years. In the longer term, 
continued application of manure from cattle or pig resulted in a decrease in 
soil pH, with bigger changes resulting from the application of pig manure 
(Bernal et al., 1992; Chang et al., 1991).

A significant enhancement of the soil microbial biomass has frequently 
been reported with organic amendments (e.g. Narula et al., 2002; Peacock 
et al., 2001; Ros et al., 2006). Not only can there be an increase in the total 
population but the community structure can change with a significant shift 
from Gram-positive organisms in soil under crops given mineral fertilizer 
to one with many Gram-negative bacteria and more protozoa (Peacock 
et al., 2001). Satchell and Martin (1984) during an investigation of alka-
line phosphatase activity in earthworm casts noted that the application of 
cattle manure greatly increased the background level of the enzyme com-
plex. Similarly, green manuring induced a rapid increase in microbial activ-
ity after incorporation due to supply of readily degradable carbohydrates 
(Breland, 1995). Seedbed preparation and root penetration were also much 
easier for subsequent crops.

The structural improvements brought about by organic amendments help 
in reclaiming degraded soils. The addition of poultry manure (10 Mg ha−1) 
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to a heavily degraded tropical sandy soil significantly decreased soil bulk 
density, increased soil organic matter content, total porosity, water infiltra-
tion and saturated hydraulic conductivity (Obi and Ebo, 1995), therefore 
allowing better management and retention of mineral fertilizer. Similarly, 
application of crushed cotton gin compost and poultry manure increased 
plant cover in the treated plots to 88 and 79%, respectively, compared with 
5% for the control treatment (Tejada et al., 2006). The same treatments 
enhanced soil microbial biomass and soil enzyme activities. Municipal solid 
waste considerably improved structural stability, infiltration rate and water-
holding capacity, allowing a better reclamation of a salinized soil as a result 
of increased susceptibility to leaching (Lax et al., 1994).

Changes that take place in microbial communities due to organic 
amendments can have other beneficial effects. Organic amendments have 
been found to suppress several soilborne pathogens and soil animals. The list 
of organic materials tested for suppression of diseases is long and includes 
animal manure, green manure, crop residues, composts, agricultural pro-
cessing waste water, crab shell (chitin), paper-mill biosolids and municipal 
wastes. Garbeva et al. (2004) identified a number of bacteria (Pseudomonas, 
Burkholderia, Bacillus, Serratia, Actinomycetes) and fungi (Trichoderma, Penicil-
lium, Gliocladium, Sporidesmium, non-pathogenic Fusarium spp.) that exhibit 
antagonistic effects on soilborne plant pathogens. Suppressive mechanisms 
include competition, amensalism, microbial antagonism, parasitism, and sys-
temic induced resistance. Bonanomi et al. (2010) concluded that organic 
amendments can suppress disease in plants by decreasing pathogen num-
bers, reducing pathogen saprophytic capability through N starvation (asso-
ciated with high C:N ratio amendments), accumulation of ammonia or 
nitrous acids (in acidic soils), alteration of soil pH, increasing antagonistic 
and antibiotic effect on pathogens, and mycoparasitism. Green manures are 
among the most effective of amendments in suppressing soil pathogens and 
animal pests, especially brassica crops that contain glucosinolate, a toxic sec-
ondary metabolite. Lewis and Papavizas (1971) demonstrated that products 
from the decomposition of cabbage (Brassica oleracea var. capitata) suppressed 
pea root rot and adversely affected morphology, development of oospores, 
and mycelial growth of Aphanomyces euteiches. The sulfur-containing vola-
tiles reported to be present in cabbage, or obtained from its decomposition, 
include mercaptans, sulfides of various types, and isothiocyanates.

Isothiocyanates include methyl isothiocyanate, which is also a breakdown 
product of the pesticide metham sodium (Mojtahedi et al., 1991) and are 
effective biocides ( Johnson, 1985; Lear, 1956). For example, Hu et al. (2011)  



Michael J. Goss et al.318

showed that brassicaceous oilseed meal was effective in inhibiting the germi-
nation of sclerotia and the subsequent growth of Phymatotrichopsis omnivora, 
the fungus responsible for cotton root rot. Similarly, soil application of rape-
seed and crambe (Crambe abyssinica Hochst.) meals reduced the number of 
galls on tomato roots growing in a soil infested with eggs of the root-knot 
nematode (Meloidogyne arenaria) (Walker, 1996). Both meals, however, were 
phytotoxic to tomato and reduced the height of Celosia argentea L., Dianthus 
chinensis L., and rose periwinkle (Catharanthus roseus (L.) G. Don) plants, 
and resulted in poorer germination of periwinkle seed. When the planting 
of tomato was delayed for 3 weeks after addition of 1% meals, the phyto-
toxicity and root injury were diminished, but not alleviated. The ED50 for 
rapeseed meal against peanut root-knot nematode was determined as 0.64% 
v/v when added to a piedmont soil and planting occurred  immediately but 
increased to 0.86% if planting was delayed by just 1 week.

Larkin and Griffin (2007) used experiments in the greenhouse and 
the field to evaluate the effectiveness of canola (Brassica napus L.), rape-
seed (Brassica napus L.), radish (Raphanus sativus L.), turnip (Brassica rapa var. 
rapa L.), yellow mustard (Sinapis alba L.) and Indian mustard (Brassica juncea 
(L.) Czern.), for control of various soilborne potato pathogens and diseases. 
In vitro assays showed that volatiles released from chopped leaf material of 
Brassica crops and barley (Hordeum vulgare L.) inhibited growth of a variety 
of soilborne pathogens of potato (Solanum tuberosum L.), including Rhizocto-
nia solani, Phytophthora erythroseptica, Pythium ultimum, Sclerotinia sclerotiorum, 
and Fusarium sambucinam, with Indian mustard resulting in nearly complete 
inhibition (80–100%). All Brassicas and barley reduced inoculum levels of 
R. solani (20–56% reduction) in greenhouse tests, and radish, rapeseed and 
Indian mustard reduced subsequent potato seedling disease by 40–83%. In 
an on-farm field experiment at a site with a substantial powdery scab prob-
lem (caused by Spongospora subterranea f. sp. subterranea), Indian mustard, 
rapeseed, canola, and ryegrass (Lolium perenne L.) grown as green manure 
crops in the rotation reduced the disease in the subsequent potato crop by 
15–40%, and canola and rapeseed reduced black scurf (caused by R. solani) 
by 70–80% relative to a standard oat rotation. At another field site where 
common scab (caused by Streptomyces scabies) was the primary disease prob-
lem, using Indian mustard as a green manure reduced the incidence of the 
disease by 25%, while rapeseed, yellow mustard and ryegrass also reduced 
black scurf relative to a standard ryegrass rotation. Disease reductions were 
not always associated with higher glucosinolate-producing crops but were 
also observed with non-Brassica crops, barley and ryegrass, indicating that 
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other mechanisms and interactions are important, particularly for control of 
R. solani. Overall, Indian mustard was most effective for reducing powdery 
scab and common scab diseases, whereas rapeseed and canola were most 
effective in reducing Rhizoctonia diseases (Larkin and Griffin, 2007).

5.2.   Impact on Plants and Crop Yields
Numerous studies have investigated the effects of organic amendments on 
crop yields. A one-time application of olive pomace at 10 or 20 Mg ha−1 
increased wheat yields by up to 50% through the increase of kernel weight 
and number of kernels (Brunetti et al., 2005). Long-term trends in crop 
production have demonstrated that as the yield potential has increased, pro-
duction has often been greater on soils with more organic matter compared 
to those on soils with less ( Johnston et al., 2009). Organic amendments 
might be beneficial for crops even when they are not nutrient rich. In the 
long-term experiments at Rothamsted (U.K.) yields of spring crops (barley 
and potato) increased from nutrient-poor peat applications with or without 
additional mineral nitrogen, whereas winter cereals showed no benefit when 
mineral N was also applied (Johnston et al., 2009). This was attributed to 
the beneficial effect of the peat-improved soil structure on allowing a fast 
development of the root system for spring cereals. Similarly, a recent study in 
Italy showed that application of 30 or 60 Mg ha−1 of biochar considerably 
increased durum wheat grain yield (by 23–39%) and straw production, prob-
ably due to higher soil temperatures early in the season (Vaccari et al., 2011).

In addition to improvement in soil physical properties and microbial 
activity, organic amendments provide direct beneficial effects on crop yields 
through the provision of macro- and micronutrients. In many developing 
countries, organic amendments represent the only available option for soil 
fertility replenishment. According to Lal (2005), crop yields can be increased 
by 20–70 kg ha−1 for wheat, 10–50 kg ha−1 for rice (Oryza sativa L.), and 
30–300 kg ha−1 for maize (Zea mays L.) with every 1 Mg ha−1 increase in 
soil organic carbon pool in the root zone.

Despite the beneficial changes in soil from the use of organic amend-
ments, application of the same amount of nutrients in the form of inor-
ganic fertilizers can result in similar crop yields. The application of farmyard 
manure for 15 years produced almost double the yields of wheat and maize 
compared to unfertilized control. However, the application of similar 
amounts of inorganic fertilizer resulted in the same level of production 
(Liang et al., 2012). Edmeades (2003) reviewed long-term studies compar-
ing yields at comparable N inputs and found no difference between organic 
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amendments and fertilizers with regard to crop yield or pasture production. 
He concluded that large amount of organic matter inputs over long peri-
ods of time are required to achieve larger yields than comparable fertilizer 
inputs. Similarly, a recent study in Pakistani Kashmir showed that it is pos-
sible to produce the same amount of wheat yield while replacing 25% of 
urea N with poultry manure or cattle farmyard manure that contributed an 
equivalent amount of N (Abbasi and Tahir, 2012). The effects of nitrogen, 
improvements in soil P availability, and other factors are discussed in detail 
in Johnston et al. (2009).

The effects of green manures, including red clover (Trifolium pratense L.), 
buckwheat (F. esculentum L.), millet (Echinicloa crus galli L.), mustard (Brassica 
hirta Moench), and colza (Brassica campestris cv. oleifera L.) on soil organic 
matter, wheat yield and N nutrition were studied in eastern Canada by 
N’Dayegamiye and Tran (2001). The incorporation of green manure into 
the soil increased soil C content, N content and microbial respiration to 
the greatest extent after mustard and least after red clover. Green manure 
contributed 25–31% of the total N uptake by wheat in the season following 
incorporation. Maximum wheat yields were larger following colza, mustard 
and millet than after buckwheat or clover. Application of green manure 
together with a fertilizer-N application of 30 kg ha−1 gave heavier yields 
than a control treatment without green manure but with 90 kg fertilizer 
N ha−1. Warman (1991) investigated the effect of alsike clover (Trifolium 
hybridum L.), sweet clover, red clover (single or double cut) and buckwheat 
as green manure crops on oats (Avena sativa L.) production, also in eastern 
Canada. Incorporation of red clover gave the heaviest yields, followed by 
alsike clover, while buckwheat gave the smallest yields (Warman, 1991).

There can also be some negative impacts on crop plants of nonlegume 
green manures, which may immobilize soil N during decomposition. In 
Norway, there was a temporary net N immobilization of up to 0.9 g N m−2 
in soil incubated with ryegrass compared with unamended soil. In clo-
ver-amended soil, mineral N exceeded that in unamended soil by up to 
5 g N m−2 (Breland, 1996).

6.   THE EXPOSURE OF HUMANS TO THREATS FROM 
CONTAMINANTS IN ORGANIC AMENDMENTS 
THROUGH AIR, WATER AND FOOD

 With the exception of the failure of a liquid manure store, the 
 greatest risk to the health of humans from the use of organic amendments is 
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associated with their application to the land. Potential pathways of exposure 
to contaminants from the amendments include their transport in air or water 
moving from the site of application. Movement in air may be the result of 
bioaerosol formation or lead to the creation of airborne PM. Movement in 
runoff or leaching from soil to surface or groundwater can result in con-
taminated water resources that are ingested during recreation activity, such 
as swimming, or directly imbibed from domestic drinking water supplies. 
Both these latter pathways have resulted in disease outbreaks associated with 
E. coli O157:H7 (e.g. Ackman et al., 1997; Goss and  Richards, 2008). The 
water may also be used in preparation and manufacture of food that is then 
eaten. The most direct pathways are direct ingestion of fresh fruit and veg-
etables or the soil in which these have been grown with the aid of organic 
amendments.

6.1.   Impact of Application Techniques and Timing of 
Operations on Exposure
There are three main approaches to land application of organic amendments 
other than green manures: broadcasting (solid, semisolid, and liquid amend-
ments), irrigation, and injection (liquids). Banding of amendments can be 
considered as a special case of broadcasting or injection that may involve 
surface or subsurface application. The mode of application has the greatest 
effect on the amount of ammonia that is lost by volatilization at this stage, 
with more being lost after broadcasting than injection (Beauchamp, 1986; 
Søgaard et al., 2002). Shallow incorporation in arable fields (top 10 cm) 
of liquid manure may have little benefit over broadcasting (Leytem et al., 
2009). The more nitrogen lost through this route, the less that is potentially 
available to plants or at risk of later loss to water resources. Uniform distri-
bution is essential if producers are to rely solely on the nutrients contained 
in an amendment to meet the needs of their crops. The common periods 
for application are in the fall, winter and spring. Spring applications may be 
made before planting, as a side- or top-dressing. Spreading manure on the 
land in fall or winter results in smaller recovery of applied nitrogen by the 
crops, while the risk of surface runoff, leaching and denitrification is greater 
(Fleming and Fraser, 2000; Goss et al., 1995; Thompson et al., 1987).

Solid amendments are usually broadcast using flails to distribute the 
material from the side or back of a spreader. The greatest problem is the 
lack of uniform spreading, partly due to the nature of the material, which is 
often heterogeneous in the size and weight of particles, and partly because 
of the mechanical action of the flails. Broadcasting of liquids has traditionally 
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used a splash-plate for distribution, and this is still used for liquid manure. 
In addition, there are low-level or low-pressure nozzles on booms, which 
offer the advantage that liquids can be distributed in bands between rows. 
Uniformity of application is less of an issue, but can result from changes in 
topography causing localized runoff and accumulation. Irrigation is usually 
by sprayer that is linked by pipes to the storage system. Odor issues tend to 
make this technique less acceptable to many. Furthermore, during irrigation 
the pH of the slurry tends to increase with the loss of volatile compounds, 
which may contribute to even greater volatilization of NH3 as the manure 
droplets reach the soil (Safley et al., 1992). Broadcasting manure and leaving 
it at the soil surface is likely to reduce the survival of pathogens. Sunlight 
reduces the longevity of bacteria, directly through the effect of ultraviolet 
light and as a result of drying (Gerba and Bitton, 1984; Mubiru et al., 2000; 
Sinton et al., 1999). However, to capture as much of the NH4

+–N as pos-
sible, broadcast soil amendments, especially those applied as a liquid, need 
to be incorporated as soon as possible after application (Beauchamp et al., 
1982; Chantigny et al., 2004b). This also reduces the risk that contaminants 
will be carried off-site in surface runoff water. However, it appears that 
incorporation of liquid amendments by disking forms bioaerosols with a 
greater emission rate than does the application process (Paez-Rubio et al., 
2006, 2007). Injection is associated with less bioaerosol formation than sur-
face spreading (Millner, 2009). Spreading of dry waste, such as poultry litter, 
can also create considerable amounts of particulate material and bioaerosols 
(Millner, 2009).

Formation of bioaerosols and particulates is an important aspect of the 
airborne risk to humans. However, a national survey in the USA found 
that local residents faced little risk of infection from microorganisms that 
became airborne during the act of spreading sewage biosolids (Brooks et al., 
2005). Nevertheless, there was an annual risk of virus infection of 34% 
for workers involved in the land application (Tanner et al., 2008).  Boutin 
et al. (1988) investigated the respiratory risk to people living “nearby” from 
microorganisms released during land spreading of manure from pig and 
cattle operations. These authors identified the greatest risk as the use of 
irrigation guns that had a strong upward trajectory but the concentration 
of bacteria in the bioaerosols was less than that observed from spreading 
the sewage biosolids. Boutin et al. (1988) and Hutchison et al. (2008) con-
cluded that the intake of pathogens via the respiratory pathway as a result 
of manure spreading posed a low level of risk to human health. However, 
Hutchison et al. (2008) recognized that the potential for the contamination 
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of fresh vegetable crops and surface water resources needed to be consid-
ered as indirect pathways for contaminants to reach people. In a review 
of the fate and transport of aerosols containing biological particles from 
animal production operations Dungan (2010) identified current limitations 
in estimating risks to the health of the community beyond the farm gate. 
None of these studies considered the risks associated with the incorpora-
tion of soil amendments, so the work of Paez-Rubio et al. (2006), which 
indicated that this produces more intense bioaerosols, suggests that a more 
holistic approach is required.

6.2.   Potential for Exposure after Land Application
The main pathways of exposure to contaminants after the application pro-
cess are via water or the ingestion of contaminated plant material. The 
soil can be a major barrier to contaminants entering these key pathways 
and reduction in their concentration in transporting water is an important 
mechanism.

6.2.1.   Pathogens
Several factors influence the persistence of pathogens in soil (Table 5.15). 
Some relate to the likelihood that they will survive. Even pathogens can 
survive for prolonged periods outside their normal hosts. Organisms intro-
duced with the organic amendment are subject to competition or even pre-
dation from living organisms in the soil (Botzler et al., 1974; Bradford and 
Segal, 2009; Cools et al., 2001; García et al., 2010; Jiang et al., 2002; Unc and 
Goss, 2006a). However, there is also evidence that some soil organisms can 
act as hosts to pathogens and extend their persistence in the environment 
(Douesnard-Malo and Daigle, 2011).

6.2.1.1.   Bacteria
Earthworms can greatly reduce the numbers of bacteria in the soil, while 
free-living protozoa, nematodes, and the soil bacterium Bdellovibrio also prey 
on bacteria in the soil (Peterson and Ward, 1989).

How microbes move within the soil can have an important role in 
deciding whether they find niches, where they are protected from predation 
but have a source of carbon and other nutrients. A number of microbes are 
self-motile, but are not necessarily able to move a long distance in this way 
and movement is generally associated with the percolating water follow-
ing precipitation. Microorganisms adsorb onto soil particles, especially clays 
with a large surface area (MacLean, 1983), which allow them to survive 
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Factor Enteric bacteria Viruses

Moisture content Greater survival time in moist soils and during 
times of high rainfall

Some viruses persist longer in moist soils than dry soils

Moisture-holding  
capacity

Survival time is less in sandy soils than in soils 
with greater water-holding capacity

Soils with a larger water-holding capacity will retain 
moisture longer than those with a smaller capacity

Temperature Longer survival at low temperatures; longer 
 survival in winter than in summer

Viruses survive longer at lower temperatures

pH Shorter survival time in acid soils (pH 3–5) than 
in alkaline soil

Most enteric viruses are stable over the pH range 3–9: 
survival may be prolonged at near-neutral values

Sunlight Shorter survival time at soil surface Desiccation will reduce survival
Organic matter Increased survival and possible regrowth when 

 sufficient amounts of organic matter are 
 present

Presence of organic matter may protect viruses from 
inactivation; others have found that it may reversibly 
retard virus infectivity

Antagonism from soil 
microflora

Increased survival time in sterile soil Some viruses are inactivated more readily in the pres-
ence of certain microorganisms; but, adsorption to the 
surface of bacteria can be protective

Salt species and 
 concentration

Salt concentration is important for the initial 
retention of bacteria in soil

Some viruses are protected from inactivation by cer-
tain cations; the reverse is also true

Association with soil Adsorption onto soil particles is important for 
bacterial retention

In many cases, survival is prolonged by adsorption to 
soil; however, the opposite has been observed

Aggregation of  
microbes

Reduces their mobility and hence increases the 
retention of bacteria in soil

Enhances survival

Soil properties The mobility, and hence the residence time of 
 bacteria, is very dependent on the surface 
 properties of soil particles

Effects on survival are probably related to the degree 
of virus adsorption

Microbe physiology Different pathogenic bacteria vary widely in  
their response to environmental stress.

Different virus types vary in their susceptibility to inac-
tivation by physical, chemical and biological factors

(Based on Gerba et al. (1975), Yates and Yates (1988)).
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longer than those in the liquid phase, as organic substrate and nutrients 
are more readily available to them (Sobsey, 1983). The presence of roots 
can be one source of carbon for microbes (Goss and Kay, 2005; van Veen 
et al., 1997) and it can enhance their persistence (Avery et al., 2004; Turco 
and Brouder, 2004). There is also evidence that some plant roots release 
compounds that reduce persistence of enteric pathogens in soil (Rothrock 
et al., 2012). Given that soil microbes are generally carbon starved and that 
top soil undergoes periods of wetting and drying so that the water supply 
is uncertain, the survival of an organism depends on soil properties such as 
texture, pH, water and organic carbon content, adsorption properties, avail-
ability of nutrients, the temperature regime together with the composition 
of the indigenous population of soil organisms, and the chemical and physi-
cal nature of the organic amendment. They also depend on their own sur-
vival mechanisms (MacLean, 1983). Among bacteria, many Gram-positive 
organisms form resistant spores, whereas in Gram-negative organisms physi-
ological adaptation to environmental stress may involve the reduction in cell 
size and metabolic rate (Roszak and Colwell, 1987).

Although persistence in soil is very variable, bacteria introduced with 
manure can survive in soil for periods up to 120 days (Table 5.16) (Nich-
olson et al., 2005; Nyberg et al., 2010; Rogers et al., 2011). Variation in 
persistence can result from differences between the various sources (e.g. ani-
mal species), the form of amendment (liquid or solid) as well as soil type 

Table 5.16 Persistence of pathogenic bacteria from animal manure in agricultural soils 
after land application and incorporation

Type of livestock 
manure

Persistence (days)

VTEC Salmonella Campylobacter spp. Listeria spp.

Liquid manure

Dairy 64 120 34 120
Beef 16 120 64 120
Pig 16 56 36 120

Solid manure

Dairy 34 120 64 120
Beef 64 34 120 120
Sheep 16 120 34 120
Pig 16 120 34 120
Broiler chickens 16 56 64 56

(Based on Hutchison et al. (2004b)).
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(Nicholson et al., 2005; Unc and Goss, 2006a).  Although E. coli appears to 
persist longer if applied in solid rather than liquid amendments, Semenov 
et al. (2009) obtained the opposite result in one study with Salmonella serovar 
Typhimurium. Enhanced soil organic matter content favors the persistence of 
enteric bacteria (Franz et al., 2008; Cools et al., 2001) as does a high level of 
nutrients (Gagliardi and Karns, 2000; Ravva and Korn, 2007; Unc et al., 2006).

Soil temperature is an important factor in bacterial survival, with persis-
tence being longer in cold soils than in warm soils (Cools et al., 2001; García 
et al., 2010). However, the availability of water in soil overrides the impact 
of other factors (Gerba and Bitton, 1984; Mubiru et al., 2000). Cools et al. 
(2001) found that the best survival of E. coli and Enterococcus spp. occurred 
in soils close to field capacity, while Garfield and Walker (2008) found that  
E. coli survived for less than 3 days at water potential of −22.4 MPa in animal 
feces. In a study of the persistence of 18 strains of E. coli O157, Franz et al. 
(2011) found that microbial survival time in a manure-amended sandy soil 
was directly related to the ability to oxidize propionic acid, α-ketobutyric 
acid and α-hydroxybutyric acid, with isolates from farm animals taking 
 longer to decline to the limit of detection than those from humans.

Solomon et al. (2002) and Looper et al. (2009a) observed movement of 
E. coli O157:H7 into plant tissue under field conditions and this was sup-
ported by laboratory studies (Warriner et al., 2003). Although these reports 
were challenged by Johannessen et al. (2005) and Zhang et al. (2009), fur-
ther laboratory investigations by Fink et al. (2012) found that on undam-
aged lettuce leaves, E. coli O157:H7 altered the regulation of genes involved 
in the production of fibers used for attachment, the suppression of biofilm 
formation (upregulated) and metabolic rate (downregulated). These reports 
raise concerns about the use of organic amendments to provide nutrients 
for fresh-market vegetables, even if association with plant cells occurs infre-
quently (Erickson et al., 2010), especially as one multistate outbreak of 
infection is believed to have originated from manure contamination of a 
lettuce crop (Hilborn et al., 1999).

6.2.1.2.   Viruses
Factors influencing the effectiveness with which soils retain viruses are 
essentially similar to those identified for enteric bacteria (Table 5.15). 
Viruses near the soil surface are rapidly inactivated by the stresses imposed 
by sunlight, soil drying, predation, and other soil-based factors such as pH. 
Kowal (1985) reviewed the literature on virus survival. Moisture content 
appears to be a major factor once the virus has penetrated the soil surface 
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as they are inactivated by desiccation (Yeager and O’Brien, 1979). About 
100 days is the longest survival time for enteric viruses (Gerba et al., 1975).

6.2.1.3.   Protozoan Parasites
The survival of Cryptosporidium in soil was related to pH, with greater num-
bers of oocysts being found in acid soils (Barwick et al., 2003). Giardia was 
more likely to be found on wet soils than in dry conditions (Barwick et al., 
2003). The presence of manure appears to change the cell physiology of 
Cryptosporidium such that it is less susceptible to environmental pressures 
(Robertson et al., 1992).

6.2.2.   Macro Nutrients and Trace Elements
Organic N compounds are slowly mineralized to NH4

+–N, which can be 
lost by volatilization or oxidized by soil microbes to NO2

−–N and NO3
−–N. 

Plants can utilize NO3
−–N and NH4

+–N, so the amount available to be lost 
to surface and ground water resources depends greatly on the instantaneous 
demand of the crop and the rate at which water can carry the nutrients out 
of the rooting zone. Soil chemistry greatly limits the amount of NH4

+–N 
that is present in solution compared with NO3

−–N.
Most of the P applied in organic amendments to the soil becomes 

associated with clay minerals, sparingly soluble calcium phosphates or is 
in organic form. Generally, the concentration in solution is limited. Most 
of the trace elements applied also become bound in clay minerals and soil 
organic matter.

6.2.3.   Antibiotics and Other Pharmaceuticals
Antibiotics and other pharmaceuticals readily undergo sorption onto 
organic matter, and so can remain with dissolved and particulate  material 
on entering the soil. They are more likely to link with organic matter than 
the mineral fraction, but adsorption is stronger on swelling clays than on 
sand (Litskas et al., 2011;  Thiele-Bruhn, 2003). Diffusion into pores within 
aggregates, hydrogen bonding, electrostatic linkages with minerals through 
cation bridges, and cation exchange provide the key means of sorption and 
fixation. The sorption tends to be pH-dependent (e.g. Rabølle and Spliid, 
2000), with sulphonamides being more adsorbed in acid soils (Thiele-
Bruhn, 2003). Jjemba (2002a) summarized reports on the persistence of 
various pharmaceuticals after application to soil and wide variation in 
their recovery by various extractants. There was some indication that the 
 compounds were more labile at higher temperatures.
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Many antibiotics are not readily degraded by microbial action in the soil 
(Chee-Sandford et al., 2009) and so are persistent. However, the antimicro-
bial compounds triclocarban and triclosan remained in the organic matrix 
of incorporated dewatered sewage biosolids, whereas in liquid biosolids they 
were more readily accessible to microbial action (Al-Rajab et al., 2009). 
Some 45% of the triclosan applied was apparently converted into forms or 
products that were more tightly bound than the parent compound, whereas 
for triclocarban this fraction only accounted for 15% of that applied. Nev-
ertheless, 40% of the triclosan stayed in the extractable pool compared with 
30% of the triclocarban (Al-Rajab et al., 2009).

Some antibiotics in manure have been shown to affect plant growth 
and yields. Jjemba (2002b) reported reduced growth or seedling death of 
soybean (G. max (L.) Merr.) in the presence of some antibiotics, indicating 
their adsorption by plants. The concentration of a number of veterinary 
antibiotics taken up into leafy tissue or roots was used to predict the adult 
human exposure from these compounds and was found to represent only 
about 10% of the acceptable daily intake (Boxall et al., 2006). However, 
by analogy, this pathway of exposure could be significant for antibiotics 
with a small acceptable daily intake or when a number of pathways operate 
 concurrently (Boxall et al., 2006).

The important area of concern over the use of organic amendments 
from animals routinely treated with antibiotics and sewage biosolids is the 
possible increase in microbial resistance to multiple antibiotic drugs. There 
is little evidence that bacteria in soils subject to regular manure applica-
tions have developed more antibiotic resistance because of the feeding of 
subtherapeutic antibiotic doses to enhance growth of livestock and poul-
try (Chee-Sandford et al., 2009). However, any impact on the survival of 
enteric pathogenic microbes due to the use of antibiotics in feed has not 
been evaluated.

6.2.4.   Natural Hormones and Endocrine Disrupting Substances
Once incorporated into the soil, natural hormones in manure do not appear 
to persist, but are readily broken down by soil microbes (Lucas and Jones, 
2006; Xuan et al., 2008). The presence of organic amendments in the soil 
enhances the microbial degradation in short-term studies (Lucas and Jones, 
2006; Stumpe and Marschner, 2010a). However, Lucas and Jones (2009) 
concluded that the presence of urea could impair the microbial degradation 
of natural hormones, making them more persistent in the environment. 
Furthermore, Stumpe and Marschner (2010a) found that degradation of 
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hormones was not consistently modified in the soil receiving amendments 
with large organic matter contents over long periods. These same authors 
suggested that hormones adsorbed onto dissolved organic C compounds 
in soil amendments can exchange between these and soil-based dissolved 
organic C (Stumpe and Marschner, 2010b). The association with organic C 
makes the endocrine disrupting compounds less readily subject to microbial 
degradation. Kinney et al. (2008) demonstrated that endocrine disrupting 
compounds accumulate in earthworms, indicating their persistence in the 
soil.

Much of the research to date has focused on the persistence and poten-
tial for transport of 17β-estradiol rather than 17α-estradiol, although the 
latter is excreted by beef and dairy cattle in much greater amounts than 
the 17β-stereoisomer (Mashtare et al., 2011). However, the sorption of 
17β-estradiol in soil is approximately twice that of 17α-estradiol, which 
suggests that the potential for transport could be underestimated in the 
absence of direct studies using the latter stereoisomer (Mashtare et al., 2011).

7.   IMPACTS ON THE QUALITY OF WATER RESOURCES

 Organic amendments can improve soil structure and have a direct 
effect on how much water runs off the soil surface to water courses and 
how much will infiltrate and permeate to ground water or be intercepted 
by field drains if these are installed. The water that infiltrates can carry solu-
ble components but it can also leach materials already within the pore sys-
tem or adsorbed to a greater or lesser extent on soil particles or aggregates. 
Runoff can carry with it any of the components of the organic amend-
ments in solution, in suspension or as particles. As sunlight is an important 
factor in killing microbes, any factor that can reduce the transmission of 
light because of increased suspended solids tends to increase their survival 
time. This could be important for the survival of some pathogens in surface 
water resources (Aramini et al., 2000).

There is good evidence of the formation of a surface seal (Smith et al., 
2001a,b) or biofilm crust (Hoese et al., 2009) as a result of applying liquid 
manure. For example, the manure from pig so limited infiltration that an 
average of 87% of water applied in simulated rainfall was lost in the runoff 
(Hoese et al., 2009). Even in the absence of an obvious surface barrier, Unc 
and Goss (2006b) reported changes in surface hydraulic properties follow-
ing the application of liquid manure from pig that resulted in the increased 
surface runoff. These same authors showed that when solid manure from 
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beef cattle was applied to the soil surface, infiltration was diverted from 
preferential flow paths resulting in soils wetting to a shallower depth than 
occurred with liquid manure (Unc and Goss, 2006b).

Applying organic amendments to wet soil can result in runoff or deep 
percolation occurring with the next precipitation, resulting in losses of plant 
nutrients and contaminants to surface and groundwater resources. Adding 
amendments in the spring as soils are drying can reduce the likelihood of 
losses (Edwards and Daniel, 1993; Misselbrook et al., 1996; Smith et al., 
2001a,b).

7.1.   Movement of Contaminants in Surface Runoff
Runoff initiation, volume and contaminant loading are highly dependent 
on the intensity and duration of individual rainfall events as well as the num-
ber of events (Edwards and Daniel, 1993; McLeod and Hegg, 1984). The 
period of time between application of organic amendments and the next 
precipitation event is important in determining the level of contaminant 
loading (Allen and Mallarino, 2008; Edwards and Daniel, 1993;  Hubbard 
and Sheridan, 1983; Hubbard et al., 1991; Lowrance, 1992; Sharpley, 1997; 
Sistani et al., 2009).

7.1.1.   Macronutrients
N, P and organic compounds from soil amendments represent concerns for 
the surface water quality if they are removed in surface runoff. The N in 
any organic material left on the soil surface or associated with fine particles, 
which are readily entrained in runoff and beginning the process of water 
erosion, can be lost in this way. In consequence, the contaminant can move 
from fields to surface watercourses. The factors that determine N-loss by 
water erosion are the amount of sediment moved, the N content of the soil 
moved and the N content of the solid fraction of the organic amendment. 
The other form of N that is subject to loss to surface water is that dissolved in 
runoff water, NH4

+–N and NO3
−–N together with soluble organic matter.

Runoff generally accounts for only a small portion of applied N com-
pared with the portion that can be leached out (Burgoa et al., 1993). How-
ever, it can be a far more important route for the loss of NH4

+–N (Smith 
et al., 2001a). The actual proportions of nutrients lost vary according to 
cropping practices, and the type and timing of applications of organic 
amendments. The concentration of NH4

+–N and the total mass of N in 
runoff are greater from untreated than composted amendments (Miller 
et al., 2006). When organic amendments are incorporated rather than left 
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on the surface, the losses via surface runoff of NH3
−–N (Sistani et al., 2009) 

and NO3
−–N (Adeli et al., 2011) are reduced. Nutrient losses are deter-

mined by the nutrient status of the soil rather than the properties of the 
amendment (Miller et al., 2006). Kirchmann (1994) reviewed 15 reports of 
NO3

−–N in runoff and water percolating below soils amended with animal 
manures. The concentration in percolating water was greater under arable 
than grassland soils. The concentration in runoff was less than in percolating 
water, with the concentration in the latter tending to be related to the rate 
of manure application.

Applying organic amendments usually increases the P content of the soil 
and hence the concentration on any eroded sediment. For nonparticulate P, 
the loss in runoff is related to the soluble P fraction in the material applied 
(Kleinman et al., 2004). On the other hand, as organic amendments tend to 
improve soil structure, there tends to be less erosion of soil particles. Incor-
porating manure reduces the amount of P that is at risk of runoff, but the 
action of tillage implements can increase the erodability of the soil. The net 
effect is still to reduce runoff loss compared with no incorporation (Allen 
and Mallarino, 2008; Kaiser et al., 2009; Sistani et al., 2009).

7.1.2.   Bacteria and Viruses
Thelin and Gifford (1983) showed that if fresh fecal material was subject to 
precipitation within 5 days of application, then the concentration of fecal 
coliform bacteria in runoff was of the order of 104 mL−1, but this number 
declined to 4 × 102 mL−1 after 30 days. Sistani et al. (2009) showed that 
increasing the time between the application of poultry litter and the first 
precipitation event reduced the concentration of E. coli in runoff, but effects 
were not as great as placing the litter in a subsurface band. The movement 
in surface runoff of viruses from organic amendments has not received 
 significant attention.

7.1.3.   Antibiotics
There is limited information on the presence of antibiotics in runoff after 
the application of organic amendments, but Kay et al. (2005b) investigated 
the effect of precipitation 24 h after applying three veterinary antibiotic 
drugs in liquid manure from pig. Water in runoff along tramlines in the 
field contained sulphachloropyridazine at a concentration of 703 µg L−1 
and oxytetracycline at 72 µg L−1, which when combined with the total flow 
represented 0.4 and <0.1% of the material applied. Blackwell et al. (2007) 
reported somewhat similar findings, but with much smaller concentrations 
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of the two antibiotics being detected. Kay et al. (2005a) could not detect in 
runoff any of the tylosin applied. In contrast, Hoese et al. (2009) reported 
that the total tylosin removed in surface runoff from clay, silt and silty clay 
loam soils was equivalent to between 8.4 and 12% of that applied in liq-
uid manure from pig. However, the amount of chlortetracycline removed 
in surface runoff ranged from 0.9 to 3.5% of that applied in the manure 
(Hoese et al., 2009). Burkhardt et al. (2005) also reported the formation of  
a surface seal following an application of 30 m−3 ha−1 liquid manure from 
pig to a grassland loam soil. Although the film enhanced the surface run-
off 6-fold compared with control plots receiving no manure, loss of any 
sulphonamide antibiotic (sulfadiazine, sulfathiazole and sulphadimidine) in 
runoff was <1% of that applied if irrigation was applied after 24 h of appli-
cation or a maximum of 2.1% if the irrigation was delayed for 72 h (Bur-
khardt et al., 2005).

Sabourin et al. (2009) determined the loss in surface runoff of the 
antimicrobial pharmaceuticals triclosan and triclocarban from dewatered 
municipal biosolids incorporated into the top 15 cm of a gray brown 
Luvisol. Although the concentrations in the soil amendment were similar, 
approximately 40 times more triclosan was removed in surface runoff than 
triclocarban. However, this represented <1% of material applied to land.

Total loss of lincomycin in surface runoff from cropland to which liquid 
manure from pig was applied was greater from fall than spring applications 
(Kuchta et al., 2009). Following fall applications, losses were similar from 
rain-induced runoff and from that induced by snowmelt water. Nonethe-
less, total losses were <1% of the content of the manure spread (Kuchta 
et al., 2009).

Although the antibiotics were not applied in organic amendments, Davis 
et al. (2006) determined the loss in runoff from a freshly cultivated sandy 
clay loam for two tetracyclines (tetracycline and chlortetracycline), two sul-
phonamides (sulfathiazole and sulfamethazine), two macrolides (tylosin and 
erythromycin) and the polyester, monensin. The losses in water and in sedi-
ment were differentiated. For the tetracyclines, the average loss in runoff 
was 0.003% of that applied of which almost half was carried on sediment. 
Loss in sediment of the sulphonamides and monensin were approximately 
10% of total loss although the total loss of the polyester antibiotic (0.08% 
of that applied) was four times that of sulfathiazole or sulfamethazine (each 
approximately 0.02% of applied). In contrast, about 75% of the total loss 
of the macrolides was associated with the sediment and the total loss of 
tylosin being about half that of erythromycin (0.05% of applied). Dolliver 
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and Gupta (2008) applied chlortetracycline, tylosin and monensin in solid 
manure from beef cattle or chlortetracycline and tylosin in liquid manure 
from pig in late fall in each of three years and measured the subsequent 
losses in runoff water. The largest losses as a proportion of that applied were 
associated with runoff from snowmelt. Losses of tylosin were greater fol-
lowing the solid manure applications than from the liquid manure, whereas 
chlortetracycline was only found in runoff from the land treated with liquid 
manure and losses were much less than for tylosin. For the same year and 
manure type, the loss of monensin in this study was much greater than that 
of tylosin (Dolliver and Gupta, 2008).

7.1.4.   Natural Hormones and EndocrineDisrupting Substances
Most studies of surface runoff have only reported the transport of the natu-
ral hormones from manure. The most detailed investigation (Nichols et al., 
1997) showed that the concentration of 17β-estradiol in runoff was directly 
proportional to the application of broiler chicken litter per unit area. The lon-
ger the litter remained on the soil surface, the smaller was the concentration 
of 17β-estradiol in runoff. Similar results were obtained by Finlay-Moore 
et al. (2000) and they also found that testosterone behaved in a similar fashion. 
However, concentrations of testosterone in runoff were smaller than those of 
17β-estradiol. They also found that both hormones could accumulate in the 
soil after several applications of poultry litter. In contrast, Jenkins et al. (2006, 
2008) indicated that at appropriate agronomic rates of poultry litter applica-
tion, the concentration of testosterone in runoff increased above background, 
whereas that of 17β-estradiol in soil or runoff did not.

In addition to the free forms of natural hormones, runoff from fields to 
which organic amendments have been applied can contain metabolites that 
are easily converted to active compounds, even though in the conjugated 
form they are benign. Dutta et al. (2010) found that the concentration and 
total mass of conjugate estrogens in the runoff from land to which poultry 
manure was applied were greater than those of the free forms. They recom-
mended that both forms should be considered when assessing the threat to 
health.

7.2.   Movement of Contaminants by Infiltration and Leaching
The complexity of the pore system can result in a wide range of trans-
port velocities within the same soil layer, depending somewhat on tex-
ture but mostly on structural development. This may limit the dispersion of 
 contaminants between finer pores with very slow rates of flow and larger 
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pores, where flow is much faster ( Jardine et al., 1990). At peak flows, most 
water will move preferentially through the largest continuous pores that are 
water filled. Tile drain systems provide some continuous flow paths between 
the soil surface and the drain, thereby allowing rapid transport between the 
field and a receiving surface watercourse (Goss et al., 1983).

7.2.1.   Macro and Micronutrients
In many cases, dissolved N is transported into the soil with the initial infil-
tration that precedes runoff, so this portion is usually small but highly vari-
able (Blevins et al., 1996; Meisinger and Randall, 1991). It depends on a 
number of factors, such as the degree of soil cover, source of N applied, 
application rate, timing and duration of the application. The major N spe-
cies lost by leaching is NO3

−–N. In the case of subsurface flow to tile 
drains, there can be large losses of N (Vinten, 1999). On arable land in the 
Netherlands, annual losses of N through tile drains averaged as much as 
22 kg N ha−1 during a 10-year period (Kolenbrander, 1969).

Nielsen and Jensen (1990) reported that NO3
−–N losses from the root-

ing zone in soils receiving liquid manure were greater than those from a 
similar soil to which the same amount of N had been applied as inorganic 
fertilizer. Bergström and Kirchman (1999) compared the loss of N by leach-
ing from 100 kg N ha−1 applied to a sandy soil as solid poultry excreta with 
that after the same rate of NH4NO3 was applied. The N in the poultry 
manure and both the NH4

+–N and NO3
−–N in the fertilizer were labeled 

with 15N. Spring barley was grown and leaching losses were investigated 
over three seasons, with the next two crops receiving 100 kg N ha−1 as 
unlabeled NH4NO3. Leaching losses of labeled N from the manure applica-
tion were considerably greater than those from the original fertilizer appli-
cation in all years. Bergström and Kirchman (2006) also reported greater 
leaching loss of N from a sandy soil following the application of liquid 
manure from pig than after adding mineral fertilizers. In both experiments, 
the increased leaching loss associated with manure was related to a smaller 
uptake of N by the crops than when mineral fertilizer was used (Bergström 
and Kirchman, 1999, 2006).

Few studies exist that compare the potential for nitrate leaching of dif-
ferent organic amendments, although more information is available for dif-
ferent sources (animal species) or types (solid, liquid, farmyard manure). 
Younie et al. (1996) found that nitrate leaching was greater where liquid 
cattle manure was the source of nitrogen than where solid beef manure was 
used. Ritter et al. (1990) studied soil nitrate profiles under 16 sites, some 
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of which received fertilizer N, either alone or in combination with either 
broiler manure or liquid swine manure. Although direct comparison of 
manure types was not made on the same site, N application rate was found 
to be the major determinant of N in the soil profile. It appears that manure 
from poultry, cattle or pig operations has the potential to  contaminate 
ground water, especially if it is applied at excessive rates.

When economically optimum rates of N were applied to row crops, 
such as maize, the concentration of NO3

−–N in leachate from the root 
zone exceeded 10 mg L−1, the quality guideline value for drinking water 
(Jemison and Fox, 1994; Toth and Fox, 1998). If dairy manure was applied to 
maize, the loading of NO3

−–N was similar or slightly smaller loading than 
agronomic equivalent rates of fertilizer N (Jokela, 1992). Jemison and Fox 
(1994) found very little difference in NO3

−–N concentrations or mass of 
NO3

−–N leached between non-manured maize and maize manured at the 
economically optimum rate.

Timing of application is also an important factor determining the total 
NO3

−–N lost by leaching. An early fall application of solid manure from 
dairy cattle resulted in about 6–10% of the N applied being leached over 
the following winter, and a 21% greater loss than nonmanured soil, when 
summed over 3 winters (Thomsen, 2005). In contrast, the total N lost follow-
ing a spring application was only 13% greater than that from nonmanured 
land. Leaching losses under continuous maize also showed that applications 
of liquid manure from dairy cattle resulted in greater leaching when made 
in early fall compared with early spring, with a late fall application being 
somewhat intermediate (van Es et al., 2006). Splitting the early spring appli-
cation had no effect on the loss by leaching. Following the fall application to 
loamy sand, the flow-weighted mean concentrations in drainage water were 
twice those in clay loam (van Es et al., 2006). Hernandez-Ramirez et al. 
(2011) reported a 40% difference in the leaching of NO3

−–N following a 
fall application of liquid manure from pig (33.3 kg ha−1) compared with 
one made in spring (19.8 kg ha−1). The different results for the amount of 
NO3

−–N leached following manure applications highlight the importance 
of N transformations, such as mineralization and denitrification, as well as 
differences in uptake of N by crops that in combination influence the avail-
ability of nitrate in the soil. Differences in precipitation and the uptake of 
water by crops modify the potential for deep percolation and N transport.

The inclusion of forage crops, such as alfalfa, in a rotation greatly reduced 
the amount of NO3

−–N leaving a farm in leachate (Toth and Fox, 1998). 
Similarly, consistently smaller losses of N in leachate have been observed 
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under grass crops than under maize or other row crops (van Es et al., 2006; 
Hernandez-Ramirez et al., 2011). These observations may relate to the lon-
ger period of water removal under forage crops, which results in less drain-
age, or a more effective root distribution leading to greater uptake and 
immobilization of N by a perennial crop. However, injecting anaerobically 
digested sewage biosolids into freely draining grassland soils resulted in 24% 
of total N-applied being lost in drainage water compared to only 11% if the 
biosolids were surface-applied (Misselbrook et al., 1996). If raw sludge was 
injected, only 6% of total N was lost.

Although leaching of P is generally considered less significant for the 
environment than the leaching of nitrate, particular combinations of agri-
cultural management practices, soil properties and climatic conditions 
can lead to significant losses of soluble and particulate P through leaching 
(Sims et al., 1998). Less P is likely to be lost by leaching than by surface 
runoff (Sharpley and Withers, 1994; Smith et al., 2001a,b). Leaching of P 
from organic amendments may occur in both inorganic and organic forms 
(Campbell and Racz, 1975; Eghball et al., 1996). Complexation of P with 
mobile organic compounds may favor the deep transport of P in organic 
forms even through layers with a great P adsorption capacity, such as car-
bonate soil layers. Experimental results from Eghball et al. (1996) showed 
that P from mineral fertilizer had not moved below a carbonate layer 
(0.9 m) of soil even after 40 years of mineral P fertilization while organic 
P from manure moved to 1.8 m. The ability of this soil to adsorb P did 
not affect its loss by leaching. The P associated with organic acids of small 
molecular weight also had increased mobility because of greater dissolu-
tion. This form of P also tends to have greater bioavailability (Bolan et al., 
1994). Increasing the proportion of labile, weakly bound P results in greater 
vulnerability of manure-treated soils to lose P by leaching  (  Johnston and 
 Poulton, 1997; Robinson et al., 1995; Stephenson and Chapman, 1931). This 
results in deeper penetration of P compounds after the manure  application 
( Campbell and Racz, 1975).

The leaching of P is not related to crop uptake as reported for N. The 
N-use efficiency (dry matter yield per mass of N acquired) of oat and bar-
ley crops was greater when the N source was mineral fertilizer than when 
it was manure and the same was true for P-use efficiency with these two 
sources of P (Bergström and Kirchman, 2006). However, the P-use effi-
ciency was much smaller than the N-use efficiency and leaching tended to 
decrease with increases in manure-P application. Leaching of N increased 
with manure-N application (Bergström and Kirchman, 2006).
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As P is a reactive ion, soil enrichment generally decreases sharply with 
depth. Application of cattle feedlot waste resulted in an increased propor-
tion of available P in the first 30 cm, but with little increase below 50 cm 
(Campbell and Racz, 1975). Decreasing enrichment or only slight enrich-
ment with depth does not necessarily indicate the absence of leaching 
because the residence time of some drainage water in the subsoil may have 
been too short, perhaps because of preferential flow, to allow absorption 
of P on to soil particles ( Johnston and Poulton, 1997). Furthermore, some 
subsoils, e.g. those in sandy soils, may have limited capacity to retain P.

Leaching of P in water-soluble and particulate forms from soil is 
enhanced by the presence of tile drains (Harrison, 1987). Heckrath et al. 
(1997) found a critical concentration of soluble P in the plowed layer that, 
if exceeded, resulted in an enhanced contribution of P losses through tile 
drain in clay loam soils. Hergert et al. (1981) found P losses in the field 
tile drain effluent to be increased where manure was applied compared to 
unfertilized control plots. Dils and Heathwaite (1997) found that subsurface 
transport of P could occur as both water-soluble and particulate P in both 
undrained and tile-drained land.

At the field scale, even when sorption capacities in the surface hori-
zon are exceeded and the water-soluble P concentration becomes elevated, 
deeper soil horizons may be able to sorb the leaching P and minimize 
the potential for water-soluble P movement to surface waters via drainage 
(Provin et al., 1995). Similarly, immobilization of P on metal-oxide coat-
ings within an aquifer can decrease as the P loading of soil increases (Walter 
et al., 1996). However, preferential flow can be an important factor in tile 
drain losses of particulate P (Gaynor and Findlay, 1995; Heckrath et al., 
1997). The importance of preferential flow for P transport was confirmed 
by its leaching from soils with large adsorption potential in subsoil layers 
(Eghball et al., 1996; Thomas et al., 1997).

Transport of micronutrients and trace metals from organic amendments 
through soil is mostly a function of pH and dissolved oxygen concentra-
tion. Accumulation of organic material close to the surface may possibly 
decrease the availability of Zn while increasing the solubility of Fe and Mn 
(Shuman, 1988). Other studies show that although the addition of organic 
material to soil in manure tends not to alter the total dissolved Zn as it 
changes from being linked with light molecular weight organic particles to 
being associated with heavy organic particles. These heavier particles tend 
to be adsorbed by the soil complexes (Del Castilho et al., 1993b). On the 
other hand, Cu interacts with dissolved organic carbon of low molecular 
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weight, which is more likely to stay in solution, and thereby increase the 
percentage of mobile Cu (Del Castilho et al., 1993b; König et al., 1986). 
Increases in the ionic concentration of the soil solution, as happens shortly 
after manure application to soils, may decrease the percentage of metal-
lic ions attached to soil mineral and organic particles by increasing the 
 competition for  adsorption sites (Stevenson, 1991).

7.2.2.   Bacteria
Bacteria easily enter tile-drains when liquid manure is applied to the land 
following farming guidelines current in North America (Ball Coelho et al., 
2007; Foran et al., 1993; Lapen et al., 2008) and can contaminate shallow 
and deep groundwater aquifers (Goss et al., 1998).

Transport of bacteria through soil is concentrated in regions of prefer-
ential flow (Goss et al., 2010). Consequently, there tends to be less verti-
cal movement in sandy soils than soils with more clay that have greater 
structural porosity (Bech et al., 2010). Such soils also tend to have a larger 
water content that maintains microbial activity. Bacteria can be removed 
from the aqueous stream in which they are moving through the soil pore 
system by the process of straining at pore necks or by reversible sorption 
onto solid surfaces (Mosaddeghi et al., 2009). They may then remobilize at 
some later time. This discontinuous transport creates an apparent retardation 
of the bacteria relative to nonadsorbed tracers, which can be as large as 10 
in porous aquifers (Matthess et al., 1988). However, Harvey (1991) showed 
that in fact the transport of bacteria could be faster, slower or similar to 
that of tracers. Travel may be significantly faster than conservative tracers 
due to their motility (Jenneman et al., 1985) and because their transport is 
restricted to macropores away from the finer pores with slow movement. 
Exploitation of faster pathways also may be constrained as travel may occur 
only during peak flow (Bitton and Harvey, 1992).

In addition to the physical conditions of the soil there are characteris-
tic of the microbes that may influence their transport, including their size, 
motility and surface properties, including surface charge and hydrophobic-
ity (Gannon et al., 1991). For microbes present in soil amendments applied 
to soil, the properties of those materials can also be of considerable impor-
tance (Guber et al., 2007; Mosaddeghi et al., 2009; Semenov et al., 2009; 
Unc et al., 2004, 2012).

Unc et al. (2012) applied filtration theory in an integrated analysis of 
the transport of microbes or particulate tracers applied in manure through 
soil at length scales ranging from 0.07 to 4.5 m. Effective removal efficiency 
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depended on the distance of travel and followed a power law behavior. The 
power coefficient varied from a value of ∼0.4 over short distances to >0.9 
for lengths greater than 1 m (i.e. very little filtration for a finite fraction of 
biocolloids), consistent with there being reduced influence of soil solution 
and biocolloid properties for longer distances of travel. About a third of 
studies on microbial transport reviewed by Pang (2009) showed a similar 
effect of the distance of travel, mostly related to locations where the vadose 
zone was contaminated with organic matter. In the remaining studies, the 
removal of microbes was linear with travel distance. In addition to transport 
processes, the kinetics of bacterial population growth and decay must be 
considered in relation to the timing and numbers of organisms reaching a 
water resource.

7.2.3.   Viruses
Movement to groundwater has been inferred from studies on wastewater 
application or has been investigated in model systems (Lance et al., 1976). 
Penetration was deeper in sandy soil than in loamy or clay soils, with move-
ment to 17.4 m. Penetration of virus particles was greater under conditions 
of saturated flow than under unsaturated flow (Lance and Gerba, 1984; 
Lance et al., 1982). However, Lance et al. (1976) found that movement was 
independent of the actual infiltration rate.

7.2.4.   Protozoa
The transport of protozoa has been studied in far less detail than has bacte-
rial transport. Brush et al. (1999) carried out model studies of C. parvum 
oocysts movement through saturated columns of glass spheres, coarse sand, 
or shale aggregate. They observed that the oocysts, which were separated 
from dairy calves, did not adhere to any of these materials, and moved 
throughout the system of pores between particles in the case of sand and 
glass spheres. These oocysts moved preferentially in the larger pores between 
shale aggregates. Sand was more effective at removing oocysts than were 
the other particles, probably by filtration. The authors suggested that their 
results were indicative of significant transport being possible in both surface 
runoff and with infiltrating water.

7.2.5.   Antibiotics and Other Pharmaceuticals
Tylosin tends to be strongly adsorbed on soil and is only slightly mobile 
(Rabølle and Spliid, 2000). Nevertheless, even though monensin is less 
readily adsorbed than tylosin, both leached from fall-applied manure but 
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chlortetracycline did not (Dolliver and Gupta, 2008). Kay et al. (2005b,c) 
investigated the leaching of oxytetracycline, sulphachloropyridazine and 
tylosin through columns of soil in the laboratory. Although tylosin was 
redistributed throughout 0.3 m-long columns, it was not recovered in 
leachate, whether or not it was applied with organic amendments. Some 
oxytetracycline was found in the first leachate from short columns but not 
thereafter. Only 0.0002% of the total application of sulphachloropyridazine 
was detected in leachate with a maximum concentration 0.5 µg L−1. At 
the end of 4 months, no antibiotic was found in the clay-loam soil, pre-
sumably degraded by microbes or other processes. Blackwell et al. (2007) 
investigated the leaching of oxytetratetracycline and sulphachloropyrida-
zine in liquid manure (pig) through a sandy loam soil under field condi-
tions. They concluded that oxytetratetracycline posed little risk to surface 
or groundwater, while sulphachloropyridazine posed a moderate risk to 
surface and groundwater. Gottschall et al. (2012) determined the presence 
of antibiotics, antimicrobial and other pharmaceuticals in tile drainage and 
shallow groundwater after the application of dewatered sewage biosolids. 
No tetracyclines or fluoroquinolones were detected in either tile drain or 
groundwater but triclocarban and triclosan were present in both, although 
neither persisted in groundwater. Gielen et al. (2009) studied the leaching 
of carbamazepine from sewage biosolids and found no movement through 
an allophane soil but almost no retardation in a sandy loam. Edwards et al. 
(2009) land-applied sewage biosolids, containing the antimicrobial pharma-
ceuticals triclosan and triclocarban, to an Orthic Humic Gleysol. Despite 
the concentration of triclosan in the amendment (∼14,000 ng g−1 dw) 
being almost twice that of triclocarban (∼8000 ng g−1 dw) the average con-
centration of the former in tile drainage water (43 ± 5 ng L−1) was almost 
59 times greater than that of triclocarban (7.3 ± 0.14 ng L−1).

7.2.6.   EndocrineDisrupting Compounds
A study with pharmaceuticals associated with sewage biosolids confirmed 
the importance of macropores for their leaching through soil and the poten-
tial for discontinuous transport to impact their retention in soil (Larsbo 
et al., 2009). If a manure containing endocrine-disrupting compounds is left 
on the soil surface, it can move to surface water via tile drains (Kjær et al., 
2007). The identification of Equol in the tile drainage water is a further 
evidence that these compounds can at least leach from soil and move onto 
surface water (Burnison et al., 2000). Given that these compounds do not 
persist in the soil (Lucas and Jones, 2006; Xuan et al., 2008), it seems likely 
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that the movement though soil is mediated by preferential flow. There-
fore, it is possible for these compounds to move to groundwater. Certainly 
17β-estradiol has been detected in groundwater under mantled karst lime-
stone, together with E. coli and other fecal coliform bacteria, suggesting that 
they originated from the same source (Peterson et al., 2000). Estrogens in 
liquid manure from pig were shown to move to a depth of 1 m in both a 
loam and a sandy soil, both of which showed evidence of preferential flow 
regimes (Lægdsmand et al., 2009). The concentration of estrogens in the 
leachate was sufficient to disrupt the endocrine system of some aquatic 
organisms. Lucas and Jones (2009) observed that in the presence of urine, 
17β-estradiol and Estrone rapidly moved through a soil column, suggesting 
that it could move to much greater depths than the 7 cm of soil used in 
their experiment.

8.   FARMING PRACTICES TO MINIMIZE RISKS TO 
HUMAN HEALTH FROM ORGANIC AMENDMENTS

 A number of agronomic practices can help to reduce the risk to 
human health associated with the use of organic amendments. However, 
not all practices are applicable in every jurisdiction. Usually, the manage-
ment practice will be chosen based on economic feasibility, which in turn 
may be determined by the availability of labor, equipment and climatic 
conditions. The guiding principles for fertilizer use, developed by the inter-
nationally based industry, focus on the application of the right material 
or product at the right rate, the right time and in the right location in 
the soil (Roberts, 2006). More recently, Bruulsema and Ketterings (2008) 
considered how this “4R nutrient stewardship concept” applied to the 
identification of best nutrient management practices for dairy farms in the 
northeastern USA. Within the concept of “Right Source,” they included 
determination of the nutrient credits to be given for the manure used as 
well as for previous leguminous and perennial grass crops used for hay or 
pasture. Under “Right Rate” and “Right Time,” there were no practices 
that fell outside the current North American guidelines for cash crop farm-
ing. However, for “Right Place,” although calibration of fertilizer spreaders 
was included, these authors did not consider the importance of calibrating 
manure spreaders. Nonetheless, they indicated the benefits from injecting 
rather than broadcasting manure but stressed the need for rapid incorpo-
ration of volatile N sources. In developing the 4R concept, industry has 
stressed the need for stakeholder involvement, including consumers and the 
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general public, in identifying the best management practices (Bruulsema 
et al., 2009). Inevitably, when people with diverse interests participate in 
such activities, decisions have to be made that involve evaluating the rela-
tive risks stemming from multiple threats. Some points of potential conflict 
are indicated in the following approaches that are aimed at mitigating the 
adverse impact of one or more components.

The greatest loss of NH3 to the atmosphere occurs during storage or 
unconfined treatment, such as composting in open fields. Release of NH3 
and H2S from stored liquid manure can be greatly reduced by the use of 
covers (e.g. Bicudo et al., 2004; Neeteson, 2000). Aeration and acidification 
are two techniques employed for managing volatile organic compounds 
(VOCs), NH3 and greenhouse gas (GHG) emissions from animal waste 
composts and manure stored in lagoons (Amon et al., 2001; Demirer and 
Chen, 2004; Fitz et al., 2003; Parker, 2008; Shen et al., 2011; Smith et al., 
2008). In dairy operations, manure can be handled as an effluent stream of 
liquid or slurry manure by means of a hydraulic flushing and lagoon stor-
age followed by irrigation of wastewater. A large content of solids results in 
a rapid buildup of sludge in the lagoons, thereby reducing available stor-
age volume. Lagoon acidification can be helpful in countering odors pro-
duced during decomposition of manure in storage, especially from NH3 
at pH values greater than 8.0, and in breaking up the sludge by enhancing 
microbial activity. Careful control is necessary to ensure that the pH of the 
lagoon does not fall below 6.2 as this favors H2S emission. So, for a dairy 
farmer desirous of using the dairy effluent as a nutrient source for his silage 
crop, the dilemma is to balance the trades-off associated with optimum crop 
growth, salt build up in soils and air quality regulations.

Injection of liquid organic amendments reduces NH3 loss during appli-
cation to arable crops as will surface banding or shallow incorporation under 
grass. The rapid incorporation of broadcast or irrigated amendments has 
similar beneficial effects. A large loading of solids to soil, when wastewater 
from storage lagoons is applied in irrigated, can hinder the crop establish-
ment and growth. Under climates with high levels of evaporation, the large 
amounts of nutrients applied in the wastewater can lead to the buildup of 
salts that can further impair crop production (Cabrera et al., 2009).

Another important issue is that N and P are usually present in a mixture 
of organic (often complex) and mineral forms in organic amendments. 
The organic forms need to be transformed into mineral forms before they 
are available to crops. Our ability to make field-specific accurate predic-
tions of how much and when sufficient nutrient will become available is 
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extremely limited. Furthermore, because proportion of N and P present 
is different to that required by plants, the correct rate of application has to 
be finely adjusted to avoid over supply of one or other nutrient and the 
potential consequences for human health. Voluntary codes of good agri-
cultural practice have been developed aimed at limiting N availability to 
periods when the crop needs nutrients, preventing application of amend-
ments near water courses if ground is steeply sloping, frozen or snow cov-
ered and developing crop rotations that restrict nutrient leaching during 
the drainage season. These practices together with a specific limit to the 
application of animal manure equivalent to 170 kg N-organic ha−1 y−1 
have been made mandatory in some areas that are particularly vulnerable 
to NO3

−–N-loss to water resources (European Union Nitrates Directive 
91/676/EEC).

Organic amendments may also contain trace elements that are greatly in 
excess of crop needs. Many jurisdictions now legislate a limit to the amount 
that can be applied to prevent threats to human health (e.g. European Union 
Sewage Sludge Directive 86/278/EEC; EPA Part 503 Biosolids Rule).

Pathogens pose the greatest risk to human health from the use of organic 
amendments but few practices ensure that pathogens cannot contaminate 
food or water resources (Suslow et al., 2001). Within the European Union 
(EU), the guidelines developed for the United Kingdom (ADAS, 2001) 
prohibit the use of untreated sewage biosolids on vegetable or salad crops. 
These guidelines require that the application of conventionally treated bio-
solids to land for vegetable production is limited to crops, such as potatoes, 
that are cooked before consumption. Even then, an application cannot be 
later than 12 months before the crop is harvested. Following application of 
treated biosolids to land for salad crops, a period of 20 months must elapse 
before plants can be harvested.

The best approach is to eliminate pathogens before an amendment 
is land applied, but most treatments available for manure may result in 
some microbes surviving or are not cost-effective at the small-farm scale  
(Heinonen-Tanski et al., 2006). Soil, especially sandy soil, provides impor-
tant but imperfect barriers to pathogen transport to water resources. Many 
of the practices that reduce nutrient loss after the application of amend-
ments, such as rapid incorporation, may aid survival of bacteria and other 
pathogen groups. There can be an interaction between tillage and manure 
application with respect to the persistence of pathogens. Gagliardi and 
Karns (2000) investigated the fate of E. coli O157:H7 strain B6914 in soil. 
In disturbed soil, the organism replicated better in the absence of manure, 
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whereas in intact soil cores (to simulate no-till conditions) replication and 
recovery of B6914 were much greater when manure was added.

Application of soil amendments should not precede rainfall events 
(Ramos and Martínez-Casasnovas, 2006; Ramos et al., 2006). Grass filter 
strips can be effective in removing both particulate P and bacteria from 
runoff over the soil surface (Coyne et al., 1998; Stutter et al., 2009). Con-
trolling runoff and having a buffer zone between water bodies and the land 
receiving organic amendment offer other means of reducing risks of surface 
water contamination. Mineral fertilizer practices can also have an effect on 
pathogen movement under infiltration. Gagliardi and Karns (2000) found 
that E. coli O157:H7 strain B6914 levels were correlated with the content 
of nitrogen in leachate from manure-amended soil. They suggested that by 
limiting the amount of nitrogen applied to fields to the amount required by 
a crop in a season, the leaching if E. coli through the soil could be reduced.

Hammesfahr et al. (2011) concluded that conventional manure storage 
is unsuited to reduce risks from sulfonamide antibiotics in the soil environ-
ment. Given that estimates suggest that human intake of individual antibiot-
ics from food and water represents the equivalent of 20% of the acceptable 
daily dose (Boxall, 2010), the greatest risk from the release of antibiotics into 
the environment is considered to be the increase in the number of patho-
genic organisms that have multiple resistances to effective control drugs. 
While the EU banned the use of antibiotics in agriculture for growth pro-
motion their use is widespread in other jurisdictions. Restricting their use 
for disease therapy in livestock and poultry would greatly reduce the total 
mass entering the environment.

Endocrine disruptors present in organic amendments appear most likely 
to reach humans through contaminated water resources that are used for 
potable supplies, recreation or fishing (commercial or private consump-
tion). Although the levels of disruptors observed in streams receiving efflu-
ent from the sewage treatment plants can produce changes in growth and 
development of fish, a causal relationship has yet to be established for ani-
mals in the wild (Mills and Chichester, 2005). Similarly, there is evidence 
that endocrine disruptors from organic amendments can move from fields 
to water resources but no satisfactory reports have been made that link this 
to impacts on humans.

At present, the choices available to most producers to control the release 
of contaminants into the environment from the land application of organic 
amendments depend on the opportunities for employing preapplication 
treatments to minimize the loadings of pathogens, endocrine disrupting 
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compounds and antibiotics, while maintaining those of mineral nutrients. 
The timing and quantities of amendments appropriate for applying to a 
given field must depend on the content of crop nutrients, the nature of the 
contaminants present, weather, the application methods involved, the soil 
and geological setting together with the location in the landscape.

8.1.   Hazard Analysis Critical Control Point, Good Agricultural 
Practices and Quantitative Risk Assessment for Safe Food 
Production Using Organic Amendments
One method of assessing the risk of health effects from the use of organic 
amendments is to apply the Hazard Analysis Critical Control Point 
(HACCP) approach, which has been adopted by the food-handling indus-
try worldwide (Hulebak and Schlosser, 2002). As a process based approach, 
HACCP focuses on the reduction of contamination by pathogenic micro-
organisms to a degree that greatly reduces the risk of foodborne illness, 
primarily by identifying control points where pathogens can be introduced, 
grown and be eliminated. Since its development in 1960, it has been adopted 
internationally to ensure the suitability and safety of various commodities 
intended for human consumption, such as meat (Antle, 2000), poultry (Roy 
et al., 2002), fruits and vegetables (Leifert et al., 2008; Suslow, 2003), and 
seafood (Alberini et al., 2008), all of which could be impacted by contami-
nants originating in organic amendments. Furthermore, HACCP has been 
endorsed and adopted by the: National Advisory Committee on Microbio-
logical Criteria for Foods in the United States (1992); European Union for 
meat products and for foodstuffs (1992–93); and in 1993 by the food stan-
dards body of the United Nations, the Codex Alimentarius  Commission 
(Codex) (Caswell and Hooker, 1996).

The principles of Good Agricultural Practices (GAPs) with respect to 
soil amendments are the proper management, including record keeping, of 
their storage, handling and application with careful management of soil and 
water, taking account of the geographical location and physical environment. 
They also stress the need for personal hygiene to prevent the direct transfer 
of contaminants to animals or from animals to crops or other humans (GAP, 
2012). Variability in environment, agronomic and cultural practices associ-
ated with the application of organic amendments almost certainly prevents 
the identification of individual practices that have universal applicability. 
However, guiding principles for the prevention of contamination and cross-
contamination together with the reduction in pathways of exposure can be 
compiled (e.g. UC-GAP, 2012).



Michael J. Goss et al.346

Quantitative risk analysis (QRA) is a stepwise analysis of hazards 
that may be associated with a particular organism or food product and 
encompasses hazard identification, exposure assessment, dose response 
assessment, characterization of risk and risk management (Mayes, 1998). 
Pintar et al., (2012) concluded, from an analysis of the risk of infection 
by Cryptosporidium through consumption of municipally treated water, 
that QRA can be successfully applied at the community level to iden-
tify data gaps, rank relative public health risks, and forecast future risk 
scenarios.

Essentially, each of these approaches addresses different aspects of the 
management of risk in the production of food. All start with recognition 
of the specific hazards involved and an identification of potential pathways 
of human exposure. GAPs can be seen as providing basic agronomic and 
animal management advice to address concerns associated with primary 
production. HACCP establishes the locations where intervention is needed 
to block pathways of exposure, while QRA establishes the relative impor-
tance of different pathways and the effectiveness of possible interventions. 
Presently, there is a need to clearly establish all the pathways and the critical 
control points in the production of food that involves the use of organic 
amendments. Some of the issues around integrating the three approaches 
have been discussed by Mayes (1998), Notermans and Mead (1996) and 
Notermans et al. (1995).

Notermans et al. (1995) identified that the ability to set the limits 
for activities at a specified control point was the important aspect of 
HACCP. Although it was acknowledged that, as a result of establishing 
good management practices in food processing facilities, HACCP pro-
vided a mechanism for ensuring production of safe food, ideally it would 
desirable to incorporate QRA. Notermans and Mead (1996) argued that 
incorporating QRA would permit the establishment of a better estimate 
of the probability of illness resulting in the human population from the 
presence of a specific contaminant in an item of food. Mayes (1998) also 
considered the advantages of incorporating QRA in the HACCP sys-
tem. Based on risks from microbial contamination, Mayes concluded that 
potential benefits included an enhanced scientific basis for the hazard 
analysis, establishment of clear relationships between the critical lim-
its, public health impacts and microbiological criteria. Furthermore, it 
allowed greater transparency in the decision making process around food 
safety. The additional challenge, when primary production is included in 
such an assessment, comes from balancing the requirements for control 
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points appropriate to the different classes of potential hazards as well as 
the individual species within those classes.

9.   GENERAL CONCLUSIONS

 The use of organic amendments not only makes good use of often-
finite nutrient resources but can also offset changes in soil conditions that 
result from essential practices for crop production. Materials that have com-
monly been thought of as waste can provide macro- and micronutrients 
together with beneficial carbon compounds. The latter can restore soil 
physical and chemical properties. But the organic amendments in greatest 
abundance, animal manure and sewage biosolids, also contain components 
that provide a challenge to ensure that they do not pose a potential haz-
ard to humans and other animals and plants in the wider environment. 
Of these contaminants, pathogenic bacteria, viruses and protozoan para-
sites pose the greatest immediate risk. Antibiotics and other pharmaceutical 
compounds may threaten humans if they increase the number of disease 
organisms that carry resistance genes or plasmids and cannot be controlled 
by known antimicrobial drugs. Natural hormones from domestic animals 
and humans together with manufactured compounds, which can mimic 
or interfere with their action, appear to threaten the reproductive health 
of other organisms in the land and water environments. While nutrients 
are critical for good crop production, they can also threaten human health, 
either directly or indirectly.

Another challenge is associated with the application of liquid organic 
amendments to land with tile drains. Bacteria and other contaminants move 
rapidly to the drains, after application. The likelihood of bacteria moving 
into water resources declines with time because of the die-off of organisms. 
This process takes longer if manure is applied in late fall, shortly before 
freeze-up. The shortest period of survival would be expected for bacteria 
in manure applied as a side dressing for maize (late spring). Later applica-
tions might further reduce the likelihood of bacterial contamination, but 
will increase the risk of nitrate contamination of groundwater because the 
crop has insufficient time to acquire the nutrient from the soil. It is coarser-
textured soils that provide the most likely route for NO3

−–N to leach to 
groundwater resources, whereas it is in well-structured loams and clayey 
soils that are more likely to have bacteria penetrate to depth.

The issue of pharmaceuticals, especially antibiotics and endocrine- 
disrupting compounds, poses new challenges. These compounds are present 
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in small concentrations and the techniques required for their quantification 
are only now emerging. Their presence calls into question the suitability of 
the processes in use to treat the raw materials of organic amendments before 
they are applied on the land. It is in runoff water that the largest concentra-
tions are likely to enter drinking water resources, although preferential flow 
does allow their movement into shallow groundwater.

There is insufficient information to generate an accurate risk assessment 
associated with the use of any individual organic amendment. For each 
source of an organic amendment, the exact composition is subject to uncer-
tainty. This is true with respect to pathogen loading, particularly because 
so many organisms produce no symptoms within farm animals. Protect-
ing drinking water resources presents challenges, since the greatest risk for 
NO3

−–N to leach is associated with sandy soils but bacteria and phar-
maceuticals move through soil in preferential flow paths, which are more 
prevalent in loams and finer-textured soil. For organic amendments derived 
from animal manure or sewage biosolids. the risks are mainly through food 
and water supplies.
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